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ABSTRACT 
 
Electroactive Nanostructured Polymers and Organic-Inorganic 
Hybrid Materials 
 
Yi Guo  
Advisor: Dr. Yen Wei 
 
Novel electroactive nanostructured polymers and organic-inorganic hybrid materials 
have been successfully developed for electrochemical, sensory, and tissue engineering 
applications. For this new class of materials, electroactivity was introduced into silica 
matrix through the incorporation of a silsesquioxane precursor, N,N’-bis(4’-(3-
triethoxysilylpropyl-ureido)phenyl)-1,4-quinonenediimine (TSUPQD). As a derivative of 
emeraldine form of aniline trimer, TSUPQD was synthesized from the reaction between 
one equivalent of aniline trimer and two equivalents of triethoxysilylpropyl isocyanate 
(TESPIC) and characterized by spectroscopic methods, such as FTIR, UV-Vis, MS, 
NMR, and XRD. The electrochemical behavior of TSUPQD was studied by cyclic 
voltammetry showing two distinct oxidative states in a reversible cyclic voltammogram 
after doping with a protonic acid. The intrinsic electroactivity of TSUPQD is similar to 
polyaniline was maintained. 
With the presence of two triethoxylsilane groups on each TSUPQD molecule, related 
mesoporous electroactive hybrid materials were prepared through surfactant templated 
sol-gel process. The resultant hexagonally patterned porous structures were studied by 
BET and TEM. The materials have large surface areas and pore volumes with pore 
diameters ranging from 2.1 to 2.8 nm. Porous structures give rise to improved 
electroactivity compared to their nonporous counterparts. 
Multicolor silica nanospheres were prepared by coating TSUPQD onto silica surface 
via intermolecular condensation reaction. By varying the particle size, surface area, and 
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organic dopant, the nanospheres exhibit multiple colors. Furthermore, luminescent 
nanospheres were prepared when fluorescent organic acid was employed as dopant. 
These nanospheres demonstrated the promising potential as sensory materials for 
hydrazine detection. 
Electroactive self-assembled monolayers were evenly attached on glass substrates, 
followed by covalent bonding of an adhesive oligopeptide, i.e., cyclic RGD, on the 
aromatic amine terminals. The biocompatibility evaluation on resultant structures from 
PC12 neuronal cell cultures demonstrated that this bio-derivatized substrate well 
supported the cell adhesion and proliferation. It is more significant that this electroactive 
surface stimulated spontaneous neuritogenesis of PC12 cells. 
Electrospun PANI–contained gelatin fibers were also investigated as conductive 
scaffold for tissue engineering purposes. SEM analysis of the blend fibers containing less 
than 3 wt% PANI revealed uniform fibers with no evidence for phase segregation. DSC 
studies confirmed this result. To test the utilization of PANI-gelatin blends as a fibrous 
matrix for supporting cell growth, H9c2 rat cardiac myoblast cell cultures were evaluated 
in terms of cell proliferation and morphology. 
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Chapter 1: Overview of Conducting Polymers and Organic-
Inorganic Hybrid Materials 
  
1.1. INTRODUCTION TO ELECTRICALLY CONDUCTING POLMYERS 
During the past decades, inorganic semiconductors, such as silicon 1  and gallium 
arsenide 2 , insulators, such as silicon dioxide 3 , and metals, such as aluminum 4  and 
copper5, have been extensively used in industrial electronic devices. On the other hand, 
organic polymers have been explored as materials of numerous technological 
applications due to their readily tunable physical and chemical properties. In particular, 
their advantages on ease of processing, reduction in size and weight, facile and low cost 
synthesis compared to conventional inorganic materials have attracted tremendous 
scientific attention. As a result, a growing research interest on “organic electronics”6 in 
microelectronics has emerged to improve the semiconducting properties in meeting a 
variety of technological demands. 
Although polymers in general are considered as electrical insulators, recently a new 
class of polymers containing conjugated π-bonds in their backbones has been shown to be 
electrically conductive. Unlike the conventional polymers where electrons are highly 
localized, these conjugated polymers enable some degree of electron delocalization and 
thus lead to electronic conduction upon doping.7 
The breakthrough in the field of conducting and electroactive polymers was sparked 
with the pioneering discovery in 1977 by Drs. MacDiarmid, Heeger, and Shirakawa 
(Nobel prize 2000 in Chemistry)8, who discovered that chemical doping of polyacetylene 
increased its conductivity by 7 orders of magnitude, up to 103 S/cm. Conducting 
polymers not only established a base to understand the general physical and chemical 
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properties of π-conjugated macromolecules, but also provided an opportunity to address 
questions of fundamental quantum chemistry. As a result, the field of organic electronics 
and photonics has matured, which in return offers a new approach to exploit the unique 
chemical, physical, and electrical properties of “the fourth generation of polymeric 
materials”.9 
Most conducting polymers are semiconductors, and charge carriers are required to 
excite electrons from insulating band to electrically conductive band. Two major factors 
that govern the conductivity of polymers are: 1) the number of electrons on the carrier 
and 2) the ease of electron transportation on the backbone.10 Therefore, the approach of 
achieving higher conductivity has been focused on increasing mobile electrons and 
improving the polymer crystallinity and orientations. It is also noteworthy that 
conductivity decreases dramatically with decreased temperature due to the reduced 
number of carriers with sufficient thermal energy to overcome the band gap. 
Doping is an easy and effective process of creating charge carriers and improving 
carrier mobility.11 Doping is a process that adds or removes electrons from the polymer 
chain, resulting in changes in polymer structure and oxidation state, together with 
creation of states in the band gap. As shown in Figure 1-1,12 the electrical conductivity of 
polymers can be remarkably improved by doping. In general, doping is reversible 
chemically or electrochemically. The original polymers can be reproduced with little or 
no degradation on the polymer backbone. 13  The reversibility of doping renders 
conducting polymers versatile applications in making rechargeable batteries, 14 
electrochromic devices,15 supercapacitors,16 and chemical sensors.17 In a chemical doping 
process, electrons or protons are effectively donated to or withdrawn from the polymer 
backbone via chemical reactions between polymer and ‘dopant’ molecules. 18  In an 
electrochemical doping, the conducting polymer is in physical contact with working 
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electrodes in an electrochemical cell19 where change of oxidation state is induced by 
electron transfer at the interface of polymer and electrodes. The presence of electrolyte in 
the cell helps balance charge in the reaction media and facilitates the redox process. 
Table 1-1. Typical conducting polymers and their properties. 
Conducting 
polymer Structure Dopant 
Conductivity 
(S/cm) 
Polyacetylene I2, Br2, Li, Na 102-104 
Polyphenylene 
vinylene  AsF5 10
3-104 
Polyphenylene  AsF5, Li, K 10
3 
Polythiophene S S S S S  
BF4-, ClO4-, 
FeCl4 
103 
Polypyrrole N
H
H
N
N
H
H
N
N
H  
BF4-, ClO4- 102-103 
Polyaniline 
H
N
N
N
NH2  
HCl 10-103 
 
There are many type of conducting polymers: polyacetylenes, poly(phenylene 
vinylene)s, poly(p-phenylene)s, polythiophenes, polypyrroles, and polyanilines (Table 1-
1). These polymers exhibit a broad range of conductivities (10-4 to 103 S/cm) in their 
doped states, with the upper limit close to the ‘metallic’ conducting regime. By adjusting 
doping level, the electronic properties of conducting polymers can be tailored between 
those of nondoped (insulating) and fully doped (highly conducting) forms for a broad 
spectrum of  applications, such as high-energy-density storage devices,20  actuators,21 
sensors,22 generators,23 transistors,24 and molecular electronics.25 
 
1.2. INTRODUCTION TO ANILINE POLYMERS AND OLIGOMERS 
Among these conducting polymers (also named as ‘synthetic metals’), aniline 
polymers have been of most interest because of their low production cost, high 
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environmental stability, and unique redox properties associated with the chain 
nitrogens.26 It is also the first type of commercially available conducting polymers. 
N
N
N
N
HN
H
N
N
N
HN
H
N
N
H
H
N
HN
H
N
N+
N+
H
A-
H
A-
Reduction
Reduction
Oxidation
Oxidation
Doping
Dedoping
Pernigraniline Base
Emeraldine Base
Leucoemeraldine Base
Emeraldine Salt (conductive)
Scheme 1-1. Chemical structure of polyaniline with various oxidation states. 
Polyaniline (PANI) is a class of conducting polymers composed of nitrogen connected 
benzenoid and quinoid units. PANI exists in three well defined oxidation states: 
leucoemeraldine, emeraldine, and pernigraniline. Leucoemeraldine is the fully reduced 
H
N NH N N* *
n m x  
form (all amine nitrogens, n=1; m=0) and pernigraniline is the fully oxidized form (all 
imine nitrogens, n=0; m=1). Emeraldine is 50% intrinsically oxidized polymer (n=0.5; 
m=0.5). All of these three oxidation states can exist as either base form or salt form. The 
chemical structure of the emeraldine base form of PANI can be denoted as (-B-NH-B-
NH-B-N=Q=N-), where B denotes a –C6H4– ring in the benzenoid unit and Q denotes a –
C6H4– ring in the quinoid unit. PANIs exhibit crystallinity and solution- or counterion-
induced processibility. It is noteworthy that the electrical properties of PANI can be 
substantially improved through secondary doping,27 which is favorable in opening up 
polymer coils and increasing the crystallinity of polymers (Scheme 1-1).   
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Only the emeraldine salt form of PANI is electrically conducting, and PANI is the 
only conducting polymer whose electrical properties can be controlled by charge-transfer 
doping and/or protonation. The conversion from a semiconductor (emeraldine base) to a 
synthetic metal (emeraldine salt) is accomplished by a protonation-induced spin 
unpairing mechanism without change of the number of electrons.28 Practically, protonic 
doping is accomplished by dipping emeraldine films in acid solutions or passing gaseous 
acids over emeraldine films. In this process, acids protonate the imine nitrogen atoms in 
the polymer backbone and allow polarons to delocalize along the polymer chain. On the 
other hand, when treated with aqueous alkali, the conductive emeraldine salt becomes the 
insulating emeraldine base. Aqueous hydrochloric acid has been used most frequently for 
protonation studies of emeraldine base because, unlike many other strong acids, it is 
volatile and excess acid wetting the solid polymer can readily be removed in vacuum. 
Moreover, doping of PANI with a functionalized protonic acid, such as camphorsulfonic 
acid (HCSA) or dodecylbenzenesulfonic acid, has been widely employed in order to 
achieve improved solubility in common organic solvents.29 Such doped solutions have 
been useful in the fabrication of Langmuir films or electrospun nanofibers.  
1.2.1. Polyaniline Synthesis 
Polyaniline is usually prepared from aniline monomers by either chemical 
polymerization in the presence of a chemical oxidant or electrochemical polymerization  
NH NH
H
N
Cl
HN
Cl n
NH2  HCl +4n 5n (NH4)2S2O8
+   2n HCl   +   5n H2SO4   +   5n (NH4)2SO4  
Scheme 1-2. Chemical polymerization of polyaniline30. 
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on electrodes. 
Chemical polymerization of aniline is facile and suitable for large-scale preparation. 
Parameters during the reaction that affect the electrical performance of PANI include pH 
value, relative concentration of reactants, polymerization temperature, and reaction time. 
Optimal conditions of PANI synthesis are found in acidic media, where aniline exists as 
anilinium cation. A variety of inorganic and organic acids at different concentrations 
have been used in PANI synthesis,31 associated with diverse chemical oxidizing reagents 
at stoichiometric or less amounts to initiate the oxidative process.32 The resultant PANI, 
protonated with various acids, differs in solubility, conductivity, and stability. The most 
common procedure is based on mixing aqueous solutions of aniline hydrochloride and 
ammonium persulfate (Scheme 1-2). While stirring at room temperature, the mixed 
solution gradually becomes colored with the appearance of a black PANI precipitate.  
PANI can also be prepared by electrochemical oxidation from aniline in acidic media. 
A typical electrochemical method of PANI synthesis involves the anodic oxidation of 
aniline on an inert metallic electrode. Compared to chemical methods, the 
electrochemical synthesis has two major advantages. First, the obtained product does not 
need further purification to remove monomer, undesired oligomers, and oxidant. Second, 
the electrochemical method offers the possibility of in situ characterization by IR, Raman 
and UV-Vis.  
The electrochemical polymerization is usually carried out in a single compartment 
electrochemical cell with a standard three electrodes configuration where the monomer 
and supporting electrolyte are dissolved in an appropriate solvent (Scheme 1-3). The 
supporting electrolyte acts in two roles: (a) making the electrolytic bath solution 
conducting, and (b) doping the polymer by allowing one of its ions to couple with the 
monomer. Through the supporting electrolyte, oxidation and doping take place 
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simultaneously during the electrochemical polymerization, while in chemically 
oxidative polymerization, polymer is often first synthesized and then doped. 
Electrochemical polymerization can be carried out either potentiostatically (constant 
voltage condition) or galvanostatically (constant current condition) by using suitable 
power supplies. Potentiostatic conditions are preferred for obtaining thin films while 
galvanostatic conditions are favorable for affording thick films. 33 The rate of aniline 
polymerization is strongly dependent on the upper anodic potential limits and the type of 
anodic substrate employed. 
 
Scheme 1-3. Electrochemical cell setup34. 
1.2.2. Characterization of Polyaniline and Its Derivatives 
1.2.2.1. Cyclic Voltammetry 
Cyclic voltammetry (CV) is the most widely used electrochemical technique. The 
importance of cyclic voltammetry arises from its capability to provide considerable 
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information on the thermodynamics and kinetics of heterogeneous electron-transfer 
reactions with coupled chemical reactions or adsorption processes. A typical 
electrochemical cell for CV measurements consists of a working electrode (WE), an 
auxiliary electrode (AE), and a reference electrode (RE). The electrochemical reactions 
of interest take place at the WE, whereby electron transfer leads to faradaic current. The 
AE acts as a counter electrode that uses potentiostatic circuit to balance the faradaic 
process at the WE with an opposite electron transfer. The process at the AE typically 
does not affect the processes at the WE. In a CV measurement, a sufficient potential is 
imposed on electrodes immersed in the analyte solution to cause an electron transfer. The 
electrode potential is swept from a lower limit to an upper limit at a linear rate, and then 
swept back to the original value at the same linear rate (Figure 1-2A).35 During this 
process, a potentiostat measures the faradaic current at the WE. The resulting plot of 
current versus applied potential gives the cyclic voltammogram, which is a complicated 
time-dependent function of a large number of physical and chemical parameters. Cyclic 
voltammograms reflect information on: (a) rate of the electron transfer reaction(s), (b) 
chemical reactivity of the electroactive species, and (c) voltage scan rate. Depending on 
the information sought, single or multiple cycles of voltammograms can be applied 
(Figure 1-2B). 
1.2.2.2. FT-IR Spectroscopy36  
Infrared spectroscopy (IR) is well-known for identifying functional groups and 
chemical bonds in a molecule. It is a non-destructive technique used to analyze chemical 
compounds in liquids, gases, powders, and films. Each chemical bond has specific 
vibrational frequencies at certain energy levels. The vibrational frequencies (or resonant 
frequencies) are determined by the amount of energy absorbed at each wavelength when 
a beam of infrared light passes through the sample. Fourier transform infrared (FT-IR) 
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spectroscopy is an interferometry-based IR technology which offers a faster and more 
sensitive means of analysis than traditional dispersive IR spectroscopy. The advantages 
of FT-IR method include multi-component analysis capability, good sensitivity, excellent 
specificity, speed and simplicity of calibration. In this study, firstly, the synthesized solid 
products were milled together with potassium bromide (KBr) and compressed to thin 
pellets, then, FT-IR spectra were taken on these pellets to provide qualitative information 
on the functional aniline moieties in the silica matrix. 
1.2.2.3. UV-Vis Spectroscopy37  
Ultraviolet and visible (UV-Vis) spectroscopy is a reliable and accurate assessment 
procedure allowing for both qualitative and quantitative analysis of substances. 
Specifically, UV-Vis spectroscopy probes the electronic transitions of molecules as they 
absorb light in the UV and visible regions of the electromagnetic spectrum. When sample 
molecules are exposed to light at the energy that matches a possible electronic transition 
within the molecule, some of the light will be absorbed, which promotes electrons to 
migrate to a higher energy orbital. An optical spectrometer records the wavelengths at 
which absorption occurs, together with the degree of absorption at each wavelength. The 
resulting spectrum is presented as a graph of absorbance versus wavelength. The peaks in 
a UV-Vis spectrum are commonly corresponding to n → π* and/or π→ π* transitions. 
Any species with an extended system of alternating double and single bonds will absorb 
UV light. The combination of UV-Vis and CV measurements provides valuable 
electrochromic information of materials. For PANI-derived materials, in situ UV-Vis 
spectroscopy mainly provides information on oxidation states, doping level, and 
electrochromism properties. 
1.2.2.4. Conductivity Measurements  
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One of the most intriguing characteristics of conducting polymers is their electrical 
conductivity. The conductivity of polymers is affected by how the polymers are 
processed and manipulated. Conductivity measurements of polymer can be operated by 
measurements using a two or four-probe method (Figure 1-3).  
For free-standing or spin-coated polymer thin films on substrates, in situ electrical 
conductivity measurements using a bandgap electrode are greatly simplified. Their 
conductivity is represented by volume resistivity, Rv (also called ‘specific resistance’), 
rather than conventional resistance, R. Rv has the units of ohm centimeter. Accordingly, 
“conductivity” (also called “specific conductivity”) (б) is defined as the inverse of 
volume resistivity, which has the units of siemens per centimeter. The calculation of 
conductivity is based on the equation below38, 
б = (I*l)/(V*d*t) 
Wherein, I is the given current supplied between a and d probes (mA); V is the voltage 
drop across b and c probes (mV); l is the distance between two adjacent probes b and c 
(cm); d is the width of measured film (cm); t is the thickness of measured film (cm). 
Since electrical conductivity measurements can reflect the information on doping state 
and electrolyte solution composition, they have also been used to understand the 
structural features of the prepared hybrid materials, such as the crystallinity of conducting 
domain. 
1.2.3. Applications of Polyaniline  
Many of the potential applications of polyaniline are associated with the ability to vary 
the oxidation state, which results in the changes in dielectric constant,39 light absorption40, 
conductivity,41 mechanical properties,42 and crystallinity.43 
Chemical/bio-sensors, 44  catalysts, 45 and non-linear optics 46  are based on quick 
electrochemical/optical response of PANI to redox-induced structure change. For 
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instance, polyaniline-based nanomaterials with immobilized enzymes are promising in 
providing rapid, stable, and highly selective biological recognitions.47  
Applications in electrochromic displays,48 corrosion protections,49 and rechargeable 
batteries50 are attributed to the capability of PANI in accumulating and transforming 
energy among three different oxidation states. For instance, in the fabrication of 
alternating-current light-emitting devices, the emissive polymer layer is sandwiched 
between two redox PANI layers. Charge carriers are injected from electrodes into the 
polaron levels of PANI layers where charges transport through polymer/electrode 
interface via a hopping mechanism and give continuous emissions from the 
electroluminescence diode.45  
1.2.4. Development of Oligoanilines 
N N N
H
N
H
N N NH NH2
N N N
H
N
H
N N NH
NH N N NH2
N N NH2H2N
NH NH2
NH2(A)
(B)
(C)
(D)
(E)
(F)
n = 1     aniline monomer
n = 2     phenyl/-NH2 end-capped dimer, "dianiline"
n = 3     -NH2/-NH2 end-capped trimer
n = 4    phenyl/-NH2 end-capped tetramer
n = 7     phenyl/phenyl end-capped heptamer
n = 8    phenyl/-NH2 end-capped octamer
Scheme 1-4. Chemical structure of oligoanilines51 
Although extensive studies have been focused on polyaniline systems, aniline 
oligomers are attracting increasing attention. This is because conventional polyanilines of 
high molecular weight have poor solubility, are hard to process, and in many cases 
possess poor adhesion properties. Compared to polyaniline, aniline oligomers exhibit a 
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number of advantages, such as good solubility in common organic solvents and ease of 
crystallization, while retaining comparable electroactivity (Scheme 1-4). In addition, 
oligoanilines with modified backbone or end-groups52 can be employed as monomers to 
afford a variety of new electroactive polymers, such as polyamides, polyurethanes, epoxy 
and vinyl polymers.53  
These advantages have led to progressive applications of aniline oligomers. For 
example, aniline oligomers have demonstrated remarkably better anticorrosion properties 
than conventional polyanilines, possibly due to the better intimate contacts with the 
surface of metal substrates.54 Furthermore, oligomers of aniline have been used as models 
to simulate macromolecular aniline properties.55  Studies on oligoanilines provide the 
opportunities to examine the significance of intermolecular interactions on intrinsic 
electroactivity and bulk conductivity,  thus stimulate the design of new organic systems 
with optimized physiochemical characteristics. 
 
1.3. ORGANIC-INORGANIC HYBRID MATERIALS  
It is well known that both pure organic polymers and pure inorganic materials have 
their own advantages and disadvantages. Organic polymers have low density and high 
mechanical flexibility, which makes them easy to be processed (mold, cast, stretch). 
However, they lack hardness and thermal stability. On the other hand, inorganic materials 
possess excellent mechanical strength and thermal stability, but exhibit poor elasticity 
and processibility. It is thus highly desirable to combine the dissimilar properties of 
organic and inorganic components into one single-phase hybrid material, where 
enormous functionality of organic chemistry can be incorporated into robust inorganic 
substrate. Due to the unique physical and mechanical properties, organic-inorganic hybrid 
materials have attracted increasing attention in the past few years.56 
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Hybrid materials are a class of materials consisting of two or more moieties blended 
on a molecular level. The interfacial interactions in the blends can be weak Van der 
Waals forces, hydrogen bonding, or electrostatic interactions. In the hybrid materials, 
organic building blocks are incorporated via covalent bonds into the predominating 
inorganic matrix as fillers to afford homogeneous composites, which combine the strong 
mechanical properties (stiffness, toughness, and strength) of inorganic moieties and the 
flexible bonding of organic units. By tuning this combination at the molecular and 
nanoscale level, many novel materials have emerged.57  
Two intriguing features of hybrid materials are interfacial properties and 
functionalities. With the aid of coupling agents, specific optical, magnetic, and electronic 
properties of organic blocks can be properly incorporated into inorganic nanostructured 
domains to blur the ordinarily sharp interfacial zones and diminish phase separation 
within nanometer scale. Sol-gel process provides a versatile approach to give stable 
multifunctional crosslinked networks via strong covalent bonds under ambient conditions. 
(Figure 1-4) 
1.3.1. Sol-Gel Processing 
Sol-gel process, as its name implies, involves two stages of reactions to realize the 
transition of a matter from a ‘sol’ phase to a ‘gel’ phase. Technically, it is similar to 
organic polycondensation reactions where a precursor compound undergoes hydrolysis 
and then intermolecular condensation to build a three-dimensional crosslinked network. 
The precursor can be inorganic salts or metal alkoxides. Comparatively, the latter has 
well-controlled reaction kinetics and environmentally friendly by-products (alcohol and 
water) that can be easily removed by normal drying process. 
Hydrolysis 
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C2H5O Si
OC2H5
OC2H5
OC2H5
+   4 H2O HO Si
OH
OH
OH
+    4 C2H5OH
 
 Condensation 
Si OH + HO Si Si O Si +    H2O
 
 and/or 
Si OR + HO Si Si O Si +    ROH
 
 Net reaction 
Si(OR)4
H2O/H+ or OH-
Co-solvent
Si
O
O
O
Si
O
Si
O
O
SiSiO
O
Solvent swollen silica matrix
 
Scheme 1-5. Hydrolysis and condensation in the sol-gel process 
As illustrated in Scheme 1-5, tetraethoxysilicate (TEOS), one of the most used 
precursors, first undergoes hydrolysis in aqueous environment with the catalysis of acids 
or bases. Thereafter, the condensation reactions of the obtained silanols occur to form 
siloxane (Si-O-Si) bonds and eventually establish the 3-D silica networks. When a certain 
level of siloxane bond formation is reached, the interconnected regions in the reaction 
medium construct colloidal particles, e.g., a sol. As a lowly viscous liquid, the sol 
solution is highly flexible in processing and fabricating. Progressive increase of 
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crosslinking can lead to the solid-like gel phase. Compared to a sol, a gel is remarkably 
different in changing ultrastructure and other physical characteristics (e.g., viscosity).  
1.3.2. Formation of Nanoporous Materials 
Recently, the design and fabrication of organic, inorganic, and polymeric materials 
with controlled internal pores have attracted increasing attention. 58  These porous 
materials64 exhibit high surface area, tunable pore size, and periodically patterned pore 
structures, and have been applied to areas of absorbents, gas separation, and catalysts.  
Table 1-2. Classification of porous materials68 
Microporous Mesoporous Macroporous 
< 2 nm 2-50 nm > 50 nm 
 
Most of the investigated porous materials have pores in nanometer scale. They are 
classified into three categories (Table 1-2) depending upon the pore size according to the 
International Union of Pure and Applied Chemistry (IUPAC).68 Microporous materials 
have pores smaller than 2 nm (diameter), and macroporous materials have pores larger 
than 50 nm (diameter). Mesoporous materials, with a Greek prefix “meso” meaning ‘in 
between’, is assigned to those with sizes between 2 nm and 50 nm. 
The breakthrough of porous materials came with the invention of MCM-41 (Mobil 
Composition of Matters) type mesoporous silica and metal oxide materials by Kresge et 
al. at Mobil Corp.59 It was the first time that micelles were employed as templates in a 
sol-gel process to tailor the texture of materials with the presence of templates filling the 
internal space and/or directing the interfacial interactions. Upon controlling a diversity of 
parameters (e.g., template species, surface charge, pH, temperature, concentration), 
various well-patterned porous structures have been fabricated simply. The resultant 
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structures range from hexagonally arranged cylindrical channels MCM-41 (one-
dimensional), to lamellar-like layered sheet structure MCM-50 (two-dimensional), and to 
cubic frame structure MCM-48 (three-dimensional) (Figure 1-5). 
Among all of the available structure engineering techniques to fabricate internal pores, 
surfactant-directed approach is the most extensively used one (Figure 1-6). Surfactants 
are a group of amphiphilic molecules that possess both hydrophilic and hydrophobic 
moieties. Under aqueous environment, surfactants associate into micelles where the 
hydrophilic ends stay on the outer surface and the hydrophobic ends aggregate inside. In 
a self-assembly process to make porous materials, precursors are first mixed and reacted 
with the presence of surfactants, frameworks are formed during the reaction with 
surfactants occupying uniform spaces inside. Then, surfactants are removed leaving 
evenly distributed pores in the materials. The concentration of surfactants is crucial in 
controlling the micelle shapes. With the surfactant concentration increases across the 
critical micelle concentrations (CMC), the initially separated surfactant molecules first 
form spherical micelles, then cylindrical micelles, and eventually hexagonally packed 
liquid crystal arrays.  
Depending on the head groups and surface net charges, surfactants are categorized into 
four groups. 
1) Cationic surfactants: head groups are positively charged, e.g., cetyl trimethyl 
ammonium bromide (CTAB). 
N Br
-
 
2) Anionic surfactants: head groups are negatively charged, e.g., sodium dodecyl 
sulfate (SDS). 
O
S
O- Na+
O O
 
     
19 
 
3) Ampoteric surfactants: head groups contain two opposite charges, e.g., 
cocamidopropyl betaine (CAPB). 
N
H
O
N
O-
O  
4) Nonionic surfactants: No charged head groups, e.g., poly(ethylene oxide) and 
triblock copolymer poly (ethylene oxide)20-poly(propylene oxide)70-poly(ethylene 
oxide)20 (P123). 
The dominating factor in choosing a surfactant is the appropriate electrostatic 
interactions between inorganic precursors and surfactants which ensure the encapsulation 
of the assemblies of surfactants (structure directors). The incorporated surfactant 
templates can be removed either by calcination at high temperatures (e.g., >450oC) or 
solvent extraction without major collapse of the material framework. Besides the silicon-
based porous materials, many metal oxide networks have also been synthesized using the 
surfactant-templated method, such as materials made of titanium oxide, 60  zirconium 
oxide,61 tungsten oxide,62 and vanadium oxide.63 
1.3.3. Characterization of Nanoporous Materials 
There are a wide range of characterization methods to determine the composition, 
molecular structure, and physical properties of porous materials. Pore size and 
distribution, periodicity of the pore patterning, and specific surface area have been 
evaluated by several specific techniques as described below. 
1.3.3.1. Gas Sorption Measurement 
Porous solids can adsorb relatively large amounts of condensed gas owing to their 
intrinsic porosity and corresponding large surface area. The amount of adsorbed gas can 
be used to deduce the correlated information on porous structure. 
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The term ‘adsorption’, first introduced by Kayser in 188164, is now widely used to 
describe the process of condensing gases onto free surfaces. When a highly dispersed 
solid is enclosed by a gas of a particular pressure, the solid tends to adsorb the gas, 
resulting in a gradual reduction in gas pressure. After some time, the gas pressure reaches 
a constant value and the amount of the gas adsorbed can be calculated from the change in 
gas pressure from gas law. 
The amount of adsorbed gas per gram of solid is related to the equilibrium pressure P, 
temperature T, the specific gas used, and the nature of the solid sample. For a given gas 
adsorbed on a given solid at a constant temperature: 
X= f (P)T, gas, solid 
If the gas is below its critical temperature, i.e. if it is a vapor above a liquid, the 
alternative form is: 
X= f (P/P0)T, gas, solid 
The above two equations are expressions of the adsorption isotherm, which shows the 
relationship between the pressure at which the gas was adsorbed and the equilibrium 
pressure at constant temperature. They are used to determine the pore structure of porous 
solids. The adsorption isotherm is usually constructed point-by-point with the aid of a 
volumetric dosing technique. 
In 1985, IUPAC developed a standard classification that divides adsorption isotherms 
into six groups as illustrated in Figure 1-7.68 
Type I isotherms are indicative of microporous solids with relatively small external 
surfaces. The limiting uptake is governed by accessible micropore volume instead of 
internal surface area. 
Type II isotherms are common for non-porous or macroporous solids. The adsorbate is 
compatible with surface material and forms multilayers.   
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Type III isotherms rarely appear. In this case, heat of adsorption is less than heat of 
vaporization for the adsorbate. 
Type IV isotherms have a characteristic hysteresis loop, which is associated with 
capillary condensation occurring in mesoporous solids. It is always indicative of pores 
from 15 to 1000 Angstrom in radius. 
Type V isotherms are typical of weak adsorbent-adsorbate interactions and are 
somewhat similar to type III isotherms. 
Type VI isotherms are commonly indicative of multilayers on a uniform non-porous 
surface. After formation of the first monolayer, each following adsorbed layer is 
equivalent. 
For Type IV isotherms, the hysteresis loops have recently been classified into four 
classes based on the change of geometry during the adsorption and desorption processes 
as shown in Figure 1-8.  
H1 loop is usually associated with pores with regular shape and narrow size 
distribution. 
H2 loop is hard to interpret as it was originally attributed to a difference in mechanism 
between condensation and evaporation processes occurring in pores with narrow necks 
and wide bodies and now it is believed that the network effects may also play an 
important role. 
H3 loop is observed from aggregates of plate-like particles and it shows no adsorption 
limit at high P/P0. 
H4 loop is often assigned to narrow slit-like pores. 
Brunauer-Emmett-Teller (BET) gas adsorption method 65  is the most widely used 
standard procedure for determining surface area of finely-divided and porous materials. 
The BET equation can be described in a linear form as:  
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P
n a    (P0 - P)
=
1 (C - 1)   P
n a    C   P0mn 
a    Cm
+
 
Where, na is the amount of gas adsorbed at a relative pressure P/P0 and n am is the 
monolayer capacity. 
1.3.3.2. X-Ray Diffraction (XRD) 
XRD is regularly used to identify the different phases in a polycrystalline sample. X-
rays are comparably short wavelength, high energy electromagnetic radiations. When X-
rays are focused into a fine beam and shot on a solid sample, they diffract through the 
inspected matter (Figure 1-9). XRD analysis of hybrid materials has two important 
advantages: fast and nondestructive. The X-ray patterns are like fingerprints and mixtures 
of different crystallographic phases can be easily distinguished by comparison with 
reference data.66  
For example, for nanoporous materials with regular pore diameter and wall thickness, 
the sum of the pore diameter and wall thickness (d spacing) can be calculated from the 
Bragg equation.67 
nλ = 2d sinθ 
Where λ is the wavelength, d is the separation between planes, and θ is the diffraction 
angle. 
1.3.3.3. Electronic and Atomic Microscopy 
Microscopy has become one of the most important techniques to characterize materials 
on nanometer and even atomic scale.68 It mainly yields the following information: 
a)  Topography: The surface features (e.g., texture) of an object or “how it looks”; 
b) Morphology: The shape and size of the particles making up the object; 
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c)  Composition: The elements and compounds that the object is composed of and the 
relative amounts of them determined through the EDX technique. 
d)  Crystallographic Information: How the atoms are arranged in the object. 
There are three main types of microscopy: scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), and atomic force microscopy (AFM). SEM 
produces high resolution images of a sample surface. TEM images give structure 
information by transmitting a beam of electrons through the tested sample thin films. For 
mesoporous materials, TEM is the most useful method to provide direct observation of 
pore structures and parameters. AFM is a popular tool in the analysis of surfaces and 
nanoobjects. In an AFM measurement, a cantilever with a sharp tip is brought into close 
proximity of a sample surface and record the ups and downs on the surface. Compared to 
electron microscopy, AFM technique has several advantages: it provides a 3-D surface 
profile of a sample; it does not require special conditions such as high vacuum; and it is a 
non destructive technique. 
 
1.4. MOTIVATION AND ORGANIZATION OF THIS DISSERTATION 
Due to the advantages of organic-inorganic hybrid materials, it is highly desirable to 
incorporate electrical conductivity/electroactivity of organic species into inorganic matrix 
via sol-gel process, which brings together the useful properties of each component and 
enhance their functionality. The general objective of this thesis has been to prepare and 
optimize the combinations of electroactive oligoaniline groups and silicon-based 
nanostructured hybrid materials, and to test their performance in a multitude of 
applications, including electrochemistry, chemical sensoring, and tissue engineering. In 
this thesis, Chapter 2 reports the synthesis and characterization of a novel electroactive 
oligoaniline-contained silsesquioxane precursor. Chapter 3 reports the surfactant-
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templated synthesis of electroactive periodic mesoporous organosilica using CTAB as 
the structure directing agent under alkaline conditions. Next, self-assembled electroactive 
monolayers modified with bioactive oligopeptide cyclic RGD have been used as 
‘intelligent’ scaffold materials for neuronal tissue engineering as described in Chapter 4. 
Chapter 5 deals with the fabrication of electrospun nanofibers from the blend of synthetic 
polyaniline and natural gelatin, which then were tested to be biocompatible as substrates 
in cardiac tissue engineering. Chapter 6 describes the synthesis and characterization of 
high-performance polyanilines catalyzed by aromatic additives. Chapter 7 reports the 
preparation of silver-silica nanocomposites via phase transfer method and the subsequent 
photolyzed sol-gel process. Finally, Appendix A provides the research proposal defended 
and passed on December 8th, 2005, in partial fulfillment of the requirement for the Ph.D. 
candidacy. Appendix B presents some of the preliminary results on collaborative research 
projects. 
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Figure 1-1. Conductivity of electronic polymers with increased doping level.12 
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Figure 1-2. Cyclic voltammogram recorded for a reversible electron transfer 
reaction.69 
(B) 
(A) 
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Figure 1-3. Four-probe instrument for measuring surface conductivity. 
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Figure 1-4. Sol-gel technologies and their resultant products. 70
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Figure 1-5. Three structure types proposed for silica-surfactant mesophase and x-ray 
diffraction patterns: (a) MCM-41 (hexaganol); (b) MCM-48 (cubic); (c) MCM-50 
(lamellar).71 
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Figure 1-6. Surfactant-mediated templating synthesis of MCM-41 mesoporous 
materials.72 
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Figure 1-7. IUPAC classification of physisorption isotherms.73 
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Figure 1-8. IUPAC classification of hysteresis loops.73 
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Figure 1-9. Schematic representation of diffractions of X-ray in a crystalline material.74 
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Chapter 2: Synthesis and Characterization of Oligoaniline-
Contained Electroactive Silsesquioxane Precursor 
 
2.1. INTRODUCTION 
In the past several decades, considerable interest has been shown in the general area 
of sol-gel chemistry, which leads to a facile process to produce organic-inorganic hybrid 
materials under ambient conditions, in the past decades.1 It was found in the 1930s that 
silicon alkoxides could be used as precursors to form silica.2 It is principally similar to 
organic polymerization starting from the initiation of a monomer compound to result in a 
bulk macromolecular material. Among the developed ceramic products for the industrial 
use, silicon-based hybrid materials are of major importance for the large-scale 
preparation of multicomponent systems. The reason explaining the special role of silicon 
is the high stability of Si-C and Si-O bonds and the good processibility in constructing 
the silica network. Porous silica materials also came to be of particular interest since the 
discovery of the M41S family of mesoporous silicate and aluminosilicate molecular 
sieves by Kresge et al.3 Their intrinsic properties, such as high surface area, high pore 
volume and narrow pore size distribution, make them particularly promising materials in 
a broad range of applications, ranging from catalysis 4 , to chemical separation 
technology5, to gas storage, and to biosensors.6 Purely all-silica congeners, however, are 
greatly limited due to restricted surface functionality and poor mechanical property. With 
improved functionalities and adjusted polarity, the pore surface of silica matrix with the 
addition of organic building blocks broadens considerably the range of useful materials.  
 
2.1.1 Organically Functionalized Porous Silica 
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Instead of blends formed via weak interactions in the two phases, in the organically 
functionalized silica, strong chemical bonds always exist between inorganic and organic 
building blocks. Generally, there are three pathways available for the synthesis of porous 
organosilicas, (Scheme 2-1).  
Surfactant
 
Scheme 2-1. Approaches of synthesizing porous organosilica.7 
1) The postsynthetic modification of porous channels in a purely inorganic silica 
material (Grafting); 
2) The concurrent condensation of organic trialkoxysilane precursors and 
TEOS/TMOS silica precursors (Co-condensation); 
3) The incorporation of organic units as integral network builder by the use of 
bissilylated silsesquioxane precursors (PMO). 
In route 1, the starting silica porous mesostructure is dependent to a large extent on the 
size of organic moieties that may impair the diffusion of further molecules to access the 
pore surfaces and consequently lead to a heterogeneous distribution of organic groups 
and low degree of organic modification. The co-condensation method classified as route 
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2 provides the possibility of covalently anchoring the organic functionalities into the 
silica matrix without causing the blockage of pores. Moreover, the organic units are 
usually more homogenously distributed compared to the grafting approach because of the 
simultaneous sol-gel process. Nevertheless, this method possesses several disadvantages. 
First, owing to the inherent polarity and elasticity of organic trialkoxysilane precursors, 
the degree of pore periodicity and mean pore size are restricted by the increase in loading 
of the organic groups. Second, they exhibit the tendency towards homocondensation 
while reacting with silica precursors. This phenomenon is attributed to the different 
hydrolysis and condensation rates of the precursors, which in turn, leads to poor pore size 
distribution and the reduction of specific surface area.  
2.1.2. Periodic Mesoporous Organosilica (PMO) 
In 1999, three research groups discovered a new class of hybrid materials designated as 
periodic mesoporous organosilicas (PMO) based on T-type silsesquioxane precursors 
with the formula (C2H5O)3Si-R-Si(OC2H5)3, where R represents a bridging organic 
group.8,9 They are ‘true’ hybrid materials in which the organic groups are an integral part 
of the silica framework because these inorganic-organic hybrid materials integrate 
functionalized organic groups as a bridge through two covalent bonds. Compared to the 
organically modified silica phase using grafting or co-condensation, the functional 
organic groups in the PMO can be thoroughly homogeneously distributed in both the 
walls and pore surfaces. Typically, in applying similar surfactant-mediated self-assembly 
methods to conventional mesoporous silica, the organic-bridged silsesquioxane 
precursors result in the PMOs having a stoichiometry of R0.5SiO1.5 for the sake of 
maintaining structural rigidity. The uniform distribution of organic units in the silica 
framework enhances the activity of the functional groups and makes PMOs more 
attractive in some of the applications, especially in the case of catalysis. Of great interest 
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are also some of the unique properties of the PMOs, comprised of both inorganic-
organic composites and the well-ordered mesoporous structure. 10  Furthermore, the 
organic bridges in PMO enhance the thermal and mechanical stability as compared to 
conventional MCM-41 type pure inorganic molecular sieves.11  
2.1.3. Silsesquioxane Precursors Used For the Synthesis of Periodic Mesoporous 
Organosilica (PMO) 
Bis-silylated precursors with their unique properties may serve as nuclei for 
generating nanoscale hybrid materials. Although a range of diverse PMOs have been 
synthesized, the organic constituents reported to date were limited to short aliphatic, 
aromatic groups or organometallic building units.12 Garcia et al. recently reported the 
synthesis of photoresponsive porous silica by taking advantage of the silicon precursor 
trans-1,2-bis[N-(trimethoxysilylpropyl)pyridiumyl]ethylene (t-BES),13 which chemically 
grafted the strong electron acceptor viologen moieties into the silica wall framework. 
Ozin and coworkers prepared a bifunctional hybrid PMO containing two different 
organic bridges, which could combine the characteristic properties of both a ‘flexible’ 
methylene and a ‘rigid’ phenylene. 14  The obtained organosilica provide for further 
surface functionalization while keeping the shape, mechanical strength and thermal 
stability tunable. Thus, it is highly desirable to develop novel precursors with other useful 
functional bridges, having innate conductivity and/or electroactivity.  
To the best of our knowledge, there is no published report on the synthesis of 
electroactive silsesquioxane precursors in the family of siliceous materials. Polyaniline is 
one of the most investigated conducting polymers due to its high electric conductivity 
based on its unique protonic doping/dedoping properties.15 The limited processibility of 
polyaniline16 makes design and chemical manipulation of its nanoscale derivatives more 
challenging. It may be, therefore, more beneficial to use aniline oligomers because they 
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are flexible and useful with well-defined structure and retention of electroactivity.17 
Particularly, amine-capped aniline trimer (N,N’-bis(4’-aminophenyl)-1,4-
quinonenediimine) is a promising substitute because this aniline trimer can exhibit 
electronic and optical properties, which are remarkably similar to those of polyaniline.18 
Moreover, as an useful model for polyaniline, aniline trimer works19 as a useful material 
in corrosion protection since it can form distinctive charge transfer complexes acting as 
both donor and acceptor. 20  Particular interests also arise from their applications as 
macromonomers to prepare electroactive polyamides, polyimides and epoxy polymers.  
The goal of this study is to covalently incorporate electroactive moieties into silica and 
other metal oxide networks. In this chapter we present a high-yield synthesis of a novel 
aniline trimer- siliceous precursor compound, N,N’-bis(4’-(3-triethoxysilylpropyl-
ureido)phenyl)-1,4-quinonene-diimine (TSUPQD), via a one-step coupling reaction 
between the amine group of the emeraldine form aniline trimer (EBAT) and the 
isocyanate group of triethoxysilylpropyl isocyanate (TESPIC). Following successful 
synthesis, we characterized the new compound in detail using a variety of spectroscopic 
methods along with electrochemical and morphological analyses. Finally, the aniline 
trimer-siliceous precursor compound was purified by recrystallization and employed as a 
precursor for new electroactive organic-inorganic hybrid materials (Scheme 2-2). 
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Scheme 2-2. Synthesis of (A) N,N’-bis(4’-(3-triethoxysilylpropyl-ureido) phenyl)-1,4 
quinonene-diimine (TSUPQD) and (B) trimer-containing hybrid materials through sol-gel 
process.  
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2.2. EXPERIMENTAL SECTION 
The synthesis of novel electroactive hybrid siliceous materials consisted of two main 
stages. One was the synthesis of EBAT via the method developed in our group and 
TSUPQD via one-step coupling reaction under mild condition. The second was the sol-
gel synthesis of the resultant silsesquioxane precursor. 
2.2.1. Materials and Instruments 
Triethoxysilylpropyl isocyanate (TESPIC), anhydrous tetrahydrofuran and n-hexane 
were purchased from Aldrich Inc., and were used without further purification while 
tetraethyl orthosilicate (TEOS) was distilled before use. N,N’-bis(4’-aminophenyl)-1,4- 
quinonenediimine (emeraldine aniline trimer) was prepared according to a  method 
developed in our group19 and purified with acetone in a  Soxhlet Extractor.  
1H-NMR and 13C-NMR characterizations of TSUPQD in deuterated dimethyl 
sulfoxide (DMSO-d6) were performed on a Varian 300 MHz NMR spectrometer with 
tetramethylsilane as the internal standard while 29Si-NMR was performed on a Bruker 
DRX 400MHz instrument. IR spectra were recorded as KBr pellets on a Perkin Elmer 
1600 Fourier transform infrared spectrometer (FT-IR). UV-VIS spectra were obtained 
using a Perkin Elmer Lambda 35 UV-VIS spectrometer. Thermal properties were studied 
using TA Instruments TGA Q50 and DSC Q100. Mass spectra with both low and high 
resolutions were carried out on a VG70SE spectrometer using FAB with 30 kV Cs ion 
bombardment as the ionization technique. X-ray data were collected by fixing aliquots of 
the sample powder on glass slides and measured by Rigaku XRD Giegerflex D/max-11B 
that had a horizontal goniometer and a Cu X-ray tube running at 45 kV and 30 mA. 
Elemental analysis for C, H, N was performed by Micro-Analysis Inc. (Wilmington, DE). 
The obtained hybrid materials were sputter-coated with Pt, and imaged with a scanning 
electron microscope (SEM, XL-30 Environmental SEM-FEG). 
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Electrochemical measurements were performed using an Epsilon Potensiostat 
interfaced to a PC computer. A three-electrode system was employed, consisting of a 
platinum working disk electrode (surface area = 0.02 cm2), a platinum-wire auxiliary 
electrode and a reference electrode. The reference electrodes used were Ag/AgCl for 
aqueous solutions and Ag/Ag+ (silver ions as 0.01 M AgNO3 in a solution of MeCN 
containing 0.1 M Et4NPF6) for non-aqueous solutions. 
2.2.2. Synthesis of Emeraldine Aniline Trimer: N,N’-bis(4’-aminophenyl)-1,4-
quinonenediimine 
The aniline trimer was prepared by following the one-step approach from N,N’-
diaminodiphenylamine developed in our group.19 In brief, aniline monomer (10 mmol) 
was added and reacted in a mixture of N,N’-diaminodiphenylamine (5 mmol), ammonium 
persulfate solution (5 mmol), sodium chloride (0.15 mol) and 1M hydrochloric acid 
(100ml) under vigorous stirring at ca. –11oC for 2 hours. After quenching with a saturated 
oxalic acid solution, a dark blue residue was obtained by filtering through a Buchner 
funnel, which was washed with 1 M HCl, followed by neutralization with NH4OH and 
finally dried in a vacuum oven for 48 hours. Subsequently, the dry product was extracted 
with acetone for 24 hours in a Soxhlet Extractor.  
 2.2.3. Synthesis of N,N’-bis(4’-(3-triethoxysilylpropyl-ureido)phenyl)-1,4-
quinonenediimine (TSUPQD) 
1g of purified aniline trimer was added into a three-neck round flask containing 50 ml 
anhydrous THF and 0.91g triethoxysilylpropyl isocyanate (TESPIC) under magnetic 
stirring before refluxing for 24 hours under N2 atmosphere. The molar ratio of trimer : 
TESPIC in the coupling reaction was 1 : 2.05. The small excess in the amount of TESPIC 
served to compensate for traces of water in the original solution. After cooling down to 
room temperature, 150 ml of n-hexane was quickly added to the dark-red solution and the 
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reaction system was immediately moved into a dry ice-acetone bath for another 12 hours 
to allow thorough precipitation. The brick-red solid was collected by filtration, washed 
with large amounts of n-hexane and dried under vacuum for 3 days at room temperature 
to obtain the product (TSUPQD) with a yield of ~ 90%. Further purification was 
achieved by recrystalization in acetone solution. The newly-formed TSUPQD was 
dissolved in acetone (0.01 g/ml) at its boiling point to give a saturated solution, which 
was subsequently filtered to remove undissolved residue and cooled at -10 oC. After 3 
days, brick red rod-like crystals were obtained.  
2.2.4. Preparation of Trimer-Containing Polymeric Hybrid Materials 
The sol-gel approach developed in our group 21  was used to generate novel 
electroactive polymeric hybrid materials for the exploration of the physiochemical 
properties of the aniline trimer distributed within the silica framework. In general, silica 
sol A was first prepared by TEOS’s prehydrolysis in HCl solution. Typically, 2 g (0.01 
mol) of TEOS were added to a mixture of 0.48 g of 2 N HCl (aq.) and 0.52 g of ethanol 
(anhydrous) with continuous stirring for one hour to obtain a clear solution. In this 
reaction, the amount of water present was adequate for initiating the hydrolysis reaction, 
while HCl acted as a catalyst. Meanwhile, 2 g (2.6 mmol) of pure TSUPQD were 
dissolved in 100 ml of ethanol. After bath-sonication in Branson 2510 sonicator for 20 
min, a homogeneous and wine-red sol B was formed. Subsequently, sol B was mixed 
with sol A at various weight ratios. For convenience, the electroactive aniline trimer-
containing organosilica was expressed in the loading percentage of TSUPQD for the 
following sections. For instance, 10 wt% organosilica defines as the new hybrid material 
prepared by the co-condensation of 10 wt% TSUPQD and 90 wt% TEOS. The mixed sols 
were stirred continuously in open bottles for 12 hours. After gelation in ambient 
conditions for 3 days and drying in a vacuum oven for 24 hours, dark but transparent 
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aniline trimer-containing hybrid materials as monoliths were obtained. As a control, the 
silica made from pure TEOS sol was also prepared in a similar manner. For 
characterization, all samples were ground into a fine powder, washed with ethanol and 
dried in a vacuum oven at room temperature until the final weight remained constant. 
 
2.3. RESULTS AND DISCUSSION 
Section A. Structural and Physiochemical Characterization of TSUPQD 
As the shortest analogue of the widely studied polyaniline, amine-capped aniline 
trimer has good electroactivity with three distinct oxidation states and well-defined 
structure.18, 22 This particular property might be very fascinating while brought into the 
sol-gel area. It could be a promising candidate as part of a biocompatible scaffold 
material for tissue engineering23, especially when employed as electrospun nanofibrous 
scaffolds with other biopolymers.24  The aniline trimer could also be used to modify 
electrode surfaces to increase the sensitivity and the signal/noise ratio in electrochemical 
applications.  
2.3.1. UV-VIS Spectroscopic Characterization  
The UV-VIS spectrum of the emeraldine-base aniline trimer and TSUPQD in EtOH 
solution is shown in Figure 2-1(A). Similar to polyaniline, the quinoid (Q) absorption 
peak at ca. 520 nm and benzenoid (B) peak at ca. 330 nm are two characteristic peaks in 
the emeraldine base (EB) form of aniline trimer, which are associated with the transition 
of πb-πq from benzene unit to quinone unit and from π-π* transition in benzene unit, 
respectively.25 From the absorption bands depicted in Figure 2-1(A), the Q/B intensity 
ratio decreases from 1.6 to 0.84 along with a slight blue shift. This change can be caused 
by enhanced resonance from the formation of ureido moiety that facilitates the 
delocalization of electrons in benzene unit as shown in Scheme 2-3. As a result, the 
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electronic concentration on quinone units can be reduced and the intensity of transition 
πb-πq is thus halved.  We did not observe any new absorption during the process of 
synthesis, indicating that the aniline trimers in the novel TSUPQD product remain in the 
EB form. These results suggest that the amine-capped aniline trimers are covalently 
grafted by TESPIC molecules with ethoxysilane end groups, and there is no oxidation or 
transition in the oxidative state. 
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Scheme 2-3. Protonic acid-doping structures and mechanism for TSUPQD. 
The emeraldine salt (ES) form of TSUPQD was generated by continuously doping the 
product with 2 N HCl, as evidenced by the UV-Vis spectra (Figure 2-1(B)), showing 
dramatic changes in the absorption behavior. The concentration of the TSUPQD in the 
sample vials was kept constant in order to acquire the continuous evolution in the 
electronic spectrum. Successive addition of HCl yielded significant changes in the 
electronic spectrum. The two electronic transitions at about 330 nm and 520 nm, 
gradually disappeared; instead, three new bands were observed at around 415 nm, 675 
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nm and 925 nm, which are probably due to the formation of polarons (radical cations) 
caused by the electronic transition of quinoid to benzoid units. As substitution alters 
quinoid peak in comparison to the amine-capped aniline trimer, the protonation bands 
occur at higher energy than in the trimer, which when doped with 
dodecylbenzenesulfonic acid (DBSA) has bands at about 425 nm and 800 nm. 26 
Furthermore, the intensity of the new band at 675 nm accounting for the complex of 
trimer radical cations paired with counterions tends to decrease when reaching maximum 
at a molar ratio of 1 : 500. A possible explanation of this phenomenon is that an excess of 
HCl impairs the hyperfine structure and dissociates the aggregates that form the bipolaron 
intermediates. The result of conductivity measurements as performed conducted with a 4-
probe device (PAR Model 173 Potentiostat/Galvanostat) is consistent with the above 
explanation. The HCl-doped TSUPQD at ratio of 1 : 500 showed a maximum 
conductivity of ~ 5 × 10-5 S/cm followed by a conductivity of ~ 3 × 10-5 S/cm at a ratio of 
1 : 1000 and ~ 1.9 × 10-5 S/cm at a ratio of 1 : 200. These were significantly lower than 
the conductivity of the parent aniline trimer (~ 10-3 S/cm).  
2.3.2. FT-IR Spectral Characterization 
In the FT-IR spectra of TSUPQD in Figure 2-2, the shift of the broad vibrational 
bands from the original ca. 3400-3200 cm-1 to ca. 3250 cm-1 revealed that the aromatic 
amine (-NH2) in the aniline trimer was converted into the imine (-NH) of the ureido unit 
(-NH-CO-NH-). The new, strong bands at ca. 2900 cm-1 are attributed to the presence of 
aliphatic sp3 C-H stretching, while the bands at ca. 1077 cm-1 for C-O stretching arise 
from the the -OCH2CH3 group due to the substitution of the ethoxysilane units. 
Importantly, the presence of the carbonyl band at ca. 1680 cm-1 and the amide band at ca. 
1560 cm-1 also prove the new appearance of ureido moiety. By comparison of Figure 2-
2(b) and 2-2(c), the recrystallized TSUPQD can be observed having a sharper and 
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stronger peak for N-H stretching than the as-synthesized sample. Moreover, it is worth 
noting that the higher relative intensity of quinoid band at ca. 1600 cm-1 in Figure 2-2(c) 
means the impurity from as-synthesized TSUPQD was effectively removed by the 
recrystallization process. Meanwhile, the phenyl C-H stretching at 3020 cm-1, the typical 
quinoid and benzenoid ring stretching at ca 1600 cm-1 and 1500 cm-1, as well as C-N 
stretching at 1310 cm-1 and 1220 cm-1 are retained,27 indicating that the characteristics of 
the aromatic chain in the TSUPQD are completely analogous to those of aniline trimer. 
Those changes are in good agreement with the structural modifications shown in Scheme 
2-2, as the coupling reaction only occurs at the end group of aniline trimer. 
2.3.3. 1H-NMR, 13C-NMR, 29Si-NMR Spectroscopy 
We further characterized TSUPQD by 1H-, 13C-, and 29Si-NMR spectroscopy in 
DMSO-d6 with TMS as an internal standard. (Figure 2-3). All the NMR peak 
assignments are listed below. 1H-NMR Explanation: δ = 8.55 (singlet for two H in  -
(C=O)- NH- close to aromatic ring); δ = 7.42, 7.00, and 6.88 (multiplet for 12 allyl H 
from aniline trimer); δ = 6.20 (triplet for two another urea H); δ = 3.75 (multiplet for 12 
ethylene H in -SiOCH2CH3-); δ = 3.05 (multiplet for 4 ethylene H close to amine group 
in -CH2CH2NH-); δ = 1.48 (multiplet for 4 middle ethylene H in -CH2CH2CH2-); δ = 1.16 
(triplet for 18 methyl H in -SiOCH2CH3_); δ = 0.56 (multiplet for 4 ethylene H close to 
silica in -CH2CH2CH2Si-). 13C-NMR Explanation: δ = 162.5 (C=O); δ = 158.0, 155.8, 
144.8, 138.9, 122.8, 118.2 (aryl C); δ = 58.2, 19.0 (-SiOCH2CH3-); δ = 42.2, 24.0, 11.3 (-
CH2CH2CH2-). 29Si-NMR Explanation: δ = -49.98 (Si). Also, as shown in Figure 2-3(A), 
the integral area of each characteristic peak considerably matches the theoretical number 
of protons, which gives additional support to our interpretation of the conformation and 
chemical structure of resulting TSUPQD.   
2.3.4. Mass Spectra Characterization  
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Mass spectra of TSUPQD (Figure 2-4) were recorded using fast atom bombardment 
(FAB) ionization. Acetone, a volatile solvent, was used to dissolve the compound. In the 
low resolution mode, the peak at 805.0 m/z – the sodium salt form of TSUPQD, can be 
clearly identified and was measured under nitrobenzyl alcohol (NBA) and NaBr matrix. 
In a second run, trace amounts (750 ppm) of polypropylene glycol were added as a 
mass calibration standard for the high-resolution runs. The exact match of the 
experimentally determined mass with the predicted mass (Table 2-1) further proves the 
high purity of the product.  
2.3.5. Elemental Analysis  
As summarized in Table 2-2, each elemental mass percentage is in good agreement 
with the theoretical data. The negligible difference found for C and H (0.086% and 
0.82% respectively) might be explained by the pre-hydrolysis of the ethoxysilane-end 
group. Compared with freshly synthesized samples, the results after recrystallization are 
closer to the theoretically calculated values, probably because of higher purity of the 
samples.  Therefore we conclude that the empirical formula is close to the theoretical one, 
viz. C38H58N6O8Si2, which is consistent with mass and 1H-NMR spectra results.  
2.3.6. Thermal Study by Thermal Gravimetric Analysis (TGA) and Differential 
Scanning Calorimetry (DSC) 
We investigated the thermal stability of this novel electroactive silsesquioxane by 
heating samples up to 700˚C at a rate of 20˚C/min in air. The negligible weight loss 
below 100oC is probably due to the residual moisture in the sample. As shown in Figure 
2-5(A), the major decomposition of purified TSUPQD occurs at ~220 - 240˚C, with a 
secondary decomposition at ~ 550˚C, which can be attributed to the thermal degradation 
of integrated propyl groups and conjugated aromatic groups, respectively. The weight 
loss curve of the freshly-synthesized material shows a different profile with gradual 
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decomposition from 270 to 600˚C. The remarkably different behavior of TSUPQD 
indicates that the novel compound is susceptible to thermal treatment compared with the 
starting compound, aniline trimer, due to easier degradation from its triethoxylsilylpropyl 
moiety in the backbone. Another feature is the higher residual weight of TSUPQD due to 
the existence of SiO2 moieties after annealing. When compounds are heated to 700˚C at 
which temperature the residues can keep weights constantly, recrystallized TSUPQD 
shows 9.6 wt% SiO2 residue, whereas the aniline trimer undergoes complete thermal 
degradation.   
To further assess the thermal behavior, such as the endothermic and exothermic 
process, of the novel product TSUPQD, differential scanning calorimetry study (DSC) 
was performed under air using TA instruments Q100 with two temperature cycles 
varying from -50 oC to 200 oC at a 5 oC /min cooling rate and 10˚C/min heating rate 
(Figure 2-5(B)). The amount of each sample used in the sample cell was 3mg. The result 
of the DSC study clearly supports the notion that the crystalline domain has been altered 
during the recrystallization process. The differential heat flow curve for freshly 
synthesized TSUPQD in Figure 2-5(B-a) displays that one small endotherm appears at 
ca. 52oC indicating the glass transition temperature (Tg) and one sharp endotherm, at ca. 
188oC attributed to the main phase transition temperature (Tm). In addition, the onset of 
the intensive exotherm peak at 130˚C further illustrates that some TSUPQD molecules 
crystallized owing to enhanced intermolecular interaction (hydrogen bonding) at elevated 
temperature, revealing that freshly synthesized TSUPQD is only partially crystalline. 
Thus, recrystallized TSUPQD (Figure 2-5 (B-b)), as expected, exhibits improved 
crystalline properties and rigidity as there is a pronounced and significant shift for Tg, 
which increases to 111˚C while the recrystallization exotherm vanishes completely. 
Meanwhile, Tm shows a slight increase to 195˚C. Furthermore, the main phase transition 
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endotherm becomes stronger in endothermic heat content as well as sharper and more 
symmetric in the shape, suggestive of higher thermal resistance to disordered liquid phase 
for their well-packed crystal structure. 
2.3.7. Powder X-ray Diffraction Study 
X-ray diffraction measurements were carried out in a Rigaku XRD horizontal 
goniometer and recorded using a 2˚ 2θ step from 5˚ to 70˚ for each scan. The X-ray 
diffraction pattern, indicative of the structural properties of the EB form of TSUPQD is 
shown in the inset of Figure 2-6. Through appropriate curve fitting, the amorphous 
domain can be approximated by a full Lorentzian while the crystalline regions are 
summarized as Gaussians. This procedure facilitates deducing the d-spacing from the 
angular position. The d-spacings, calculated according to Bragg’s formula: λ = 2dsinθ, 
are tabulated in Table 2-3.  
The XRD diffractions of freshly synthesized and recrystallized EB forms of TSUPQD 
(Figure 2-6(A), 2-6(B)) showed different patterns in terms of the low angle diffraction 
peaks. The recrystallized product displayed the sharper and more intense crystalline rings 
on top of a broad amorphous bump that demonstrates crystalline structure is only 
partially formed during synthesis. This statement is in good agreement with DSC analysis 
results. The optimized patterns of both TSUPQD are mainly composed of one intense and 
broad ring centered at ca. 2θ ~ 21˚ (d ~ 2.25 Å), which is featured as the amorphous 
domain, and five inner rings with a 2θ position ranging from ca. 6˚ to 25˚, which are 
actually superimposed on the broad amorphous region. As stated above, because of their 
well-defined structure, aniline trimers have been used as computational models. As a 
derivative of polyaniline, TSUPQD should also exhibit a similar crystalline structure with 
ordered benzenoid and quinoid sequences. From the structural point of view, two classes 
of EB form of polyaniline have been distinguished viz., EB-1 and EB-2.28 The EB-1 form 
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can further be divided into two patterns, EB-1α and EB-1ß, differing in the position and 
shape of the low angle peaks: the presence of water molecules has been shown to 
influence the structural pattern of the EB form of polyaniline.29 The samples in this study 
were pretreated with water prior to the XRD measurements. Indeed, the XRD data 
indicated that the crystalline region of the recrystallized TSUPQD resembled the 
calculated diffraction patterns of polyaniline EB-1ß, with positions in 2θ at 8, 12, 15, 20 
and 24, while freshly-synthesized TSUPQD was similar to EB-1α model, with positions 
in 2θ at 6, 9, 15, 19, 23. The relative intensity ratio of all these peaks is subject to the 
mode of water adsorption and is also sensitive to the water molecule arrangement. When 
doped with HCl, TSUPQD turns into the ES type, however, with a less degree of 
crystallinity (Figure 2-7, Figure 2-8). This observation is different from what is known 
for HCl-doped ES types of polyaniline28 and may be caused by an impairment of inter-
molecular hydrogen bonding, the interaction that contributes to the higher crystalline 
order in TSUPQD. 
2.3.8. Cyclic Voltammograms  
The cyclic voltammogram of TSUPQD was recorded in an aqueous solution of HCl 
(Figure 2-9). Since the analyte is insoluble in aqueous solutions, a film was deposited on 
the electrode by casting a solution of TSUPQD in ethanol (5 mg/ml) on top of the 
working electrode and drying it in air. The cyclic voltammograms were expected to be 
essentially similar to the voltammograms of the HCl-doped ES form of polyaniline30 
except that the second redox pairs were absent in the scanned range of potentials due to 
background limit from water. In this potential range a pair of well-defined redox peaks at 
around 500mV represent the removal/addition of 2 electrons (Figure 2-9(A)) and can be 
attributed to the reversible redox process from the “leucoemeraldine’’ to the 
‘‘emeraldine’’forms.  
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The electrochemical behavior of TSUPQD was further examined in nonaqueous 
solutions. As before, in the aqueous solution, a pair of redox peaks was observed for 
TSUPQD in the lower potential range. Without the high background of water, we noticed 
a second pair of peaks corresponding to the oxidation of the “emeraldine” form to the 
“pernigraniline” form with a formal potential at 985 mV (Figure 2-9(B)), which is 
slightly higher than that of polyaniline. This is reasonable and may be attributed to the 
electron withdrawing ureido group of TSUPQD.  
2.3.9. Optical Microscopy of HCl-doped TSUPQD  
Figure 2-10 shows microscopic images (transmitted light, 1000 × objective) of HCl-
doped TSUPQD obtained with an Olympus PMG-3 optical microscope. The continuously 
enhanced intermolecular interaction suggests an evolution from insulating single EB 
crystals to form electroactive aggregates. Without doping with HCl, TSUPQD is in the 
form of individual particles (Figure 2-10(A)), but when protonated with acid, the product 
apparently aggregates into complexes consisting of radical cations via proton-electron 
transfer. In this way, the TSUPQD molecules are prone to formation of intermolecular 
networks due to the acid-catalyzed condensation and behaving like polyaniline to 
delocalize the electrons through the closely packed macromolecular chains. With 
increasing degree of doping (Figures 2-10(B-D)) the doped products can optimize 
intermolecular interactions and conductivities to form a unique network at a doping ratio 
as high as 1: 500. These results are in agreement with the electronic spectra acquired 
above. 
As seen in the synthesis pathway depicted in Scheme 2-2, this preparation is solely 
based on the isocyanato-amine coupling reaction without using any catalyst and any by-
product.  Thus, the purity of as-synthesized compound can be simply controlled by the 
equal molar addition of reactants, as easily monitored by 1H-NMR, mass spectra and 
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elemental analysis. The whole process of synthesis is to be carried out under N2 
protection to prevent the ethoxysilane units from hydrolysis and condensation. 
Furthermore, after several crystallization steps, the purity of the product can be further 
increased, though the yield and purity of the freshly prepared product were remarkably 
high. This process has been confirmed by the DSC analysis and XRD measurement. The 
non-redox doping of this novel compound TSUPQD with protonic acids can yield the 
conductive emeraldine salt state and the charges can delocalize within the backbone as 
depicted in Scheme 2-3. This reversible process has been investigated by detailed UV-
Vis spectra and electrochemical study, indicating the retention of its intrinsic 
electroactivity because they illustrated the similar results to those of polyaniline. Based 
on the above characteristics, it can be suggested that other aniline oligomers or amine-
capped compounds could also be covalently integrated into silica frameworks by using 
the similar approach exploited here. The physiochemical properties of novel aniline 
trimer-contained hybrid siliceous materials were also explored in the following section 
for making electroactive PMOs for more applications. 
Section B. Electroactive Polymeric Hybrid Material through Sol-gel Process 
A series of novel electroactive hybrid materials were obtained through the sol-gel 
reactions of TSUPQD with TEOS at various compositions (Figure 2-11). When more 
organic units are incorporated into the silica matrix, the polymeric material will became 
darker in color and thermally less stable. To exclude the possibility of simple physical 
entrapment or mere surface attachment, all samples were washed and sonicated with 
ethanol repeatedly before characterization.  
2.3.10. Infrared Spectra of Hybrid Materials 
The molecular structure of the resulting electroactive hybrid materials from TSUPQD 
and TEOS co-condensation was confirmed by the FT-IR spectra shown in Figure 2-12. 
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The spectra have band patterns analogous to the TSUPQD model compound reported 
previously with slight changes upon the loading of TSUPQD. For instance, the broad 
band in the region of 3400 - 3600 cm-1 (Figure 2-12(e)) assigned to O-H stretching 
vibration from TEOS will gradually move to 3300 cm-1 (Figure 2-12(a)) that is 
associated to N-H stretching vibration with increasing amount of TSUPQD. On the other 
hand, it is not surprising to find that all characteristic peaks from TSUPQD will be 
increasingly attenuated in pure silica from TEOS as the amount of organic bridge 
decreases. Some of those characteristic peaks include the peak at ca. 2900 cm-1 for 
aliphatic groups, 1670 cm-1 for carbonyl groups, 1512 cm-1 and 1586 cm-1 for benzene 
rings and quionone stretching mode, 1316 cm-1 for C-N stretching vibration arising from 
aromatic amine groups and 1168 cm-1 for N=Q=N (Q is quinoid group) stretching 
vibration.27 
2.3.11. Thermal Study of Hybrid Materials by TGA 
TGA measurements were carried out on all samples. As seen in Figure 2-13, the 
thermal stability of the materials increased with the silica content. At temperatures as 
high as 750oC, all organic content was decomposed and only white solid SiO2 remained. 
The samples prepared in the absence of TSUPQD or at low concentrations of TSUPQD 
(e.g. below 25 wt% sol B) showed considerable thermal resistance losing < 50% in 
weight.  However, as more organic bridges were integrated into silica frameworks, the 
less stable the resulting samples became. Differential TGA curves with the derivative 
weight percentage against temperature suggests that there are three main decomposition 
stages for each sample (Figure 2-13 insert).  The early stage of decomposition for hybrid 
materials (at 160 - 180 oC) is associated with loss of ethylortho groups followed by a 
rapid degradation of aromatic chains at 320 oC and 600 oC. That could be visually 
validated by the fact that only white solid SiO2 remained after heating without any black 
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organic residue. Moreover, the amount of the remaining silica agreed with the initial 
sample composition. For example, in the case of 100 wt% TSUPQD siliceous hybrid 
material, the sample yielded 21.7% SiO2 at 800oC, which is reasonably consistent with 
the theoretical value of 20.9% SiO2 in the sample composition.   
2.3.12. Ultrastructural Study by Scanning Electron Microscopy (SEM) 
The ultrastructure of freshly synthesized hybrid materials prepared under the same 
environmental conditions for sol-gel reactions was studied by SEM, (Figure 2-14). The 
shape of the new materials depended to a large extent on the content of organic bridges 
integrated. When the silica was made from pure TEOS (Figure 2-13(a)), a completely 
amorphous phase was observed. With increasing TSUPQD contents from 25 wt% to 100 
wt%, the morphology of the hybrid material changed into solid micro-spheres. This 
transition suggests that with an increase of the organic content the initially rough and 
ridged surface of TEOS-made silica gradually turns into highly ordered organosilica, due 
to the tendency of tight packing driven by the intermolecular hydrogen bonding from 
TSUPQD. The size of solid spheres is narrowly distributed, ranging from 1 µm to 2.5 
µm. The conductivity of spherical organosilica was 1.3 × 10-4 S/cm, a remarkable 
improvement after condensation polymerization. 
 
2.4. CONCLUSION 
A novel electroactive silsesquioxane precursor, N,N’-bis(4’-(3-triethoxysilylpropyl-
ureido)phenyl)-1,4-quinonenediimine (TSUPQD), has been successfully synthesized and 
extensively characterized. The preparation of this ethoxysilane-capped compound was 
achieved via a one-step coupling reaction between amine-capped aniline trimer and 
triethoxysilylpropyl isocyanate. The proposed molecular structure of TSUPQD was 
confirmed by FT-IR, NMR, mass spectra and elemental analysis; and its unique 
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electroactive property was studied by UV-VIS spectroscopy and cyclic voltammetry. 
With such a well-defined structure and reversible electrochemical properties, TSUPQD 
can be useful in developing new substrate materials for diverse applications, such as 
electrospun nanofibrous scaffolds in tissue engineering and modified electrodes for 
electrocatalysis. The approach exploited in this chapter can also be used to covalently 
distribute other aniline oligomers or amine-capped compounds into silica frameworks to 
explore a broad range of new organic-inorganic hybrid materials. Upon co-condensation 
of TSUPQD and TEOS, prehydrolyzed TSUPQD mixes homogenously with TEOS sols 
to yield spherical organosilica particles in the presence of co-solvent ethanol. The 
intrinsic properties of the resulting hybrid materials are largely dependent on the loading 
of organic bridges. 
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Figure 2-1. (A) UV-Vis spectrum of (a) emeraldine-base aniline trimer and (b) 
ethoxysilane end-capped TSUPQD. Solvent: ethanol (EtOH). Both aniline trimer and 
TSUPQD were purified before characterization and measured under same concentration; 
(B) UV-Vis spectra of TSUPQD following HCl doping. (a) Undoped TSUPQD, (b) 
doping ratio 1 : 1,  (c) 1 : 10, (d) 1 : 200, (e) 1 : 500, (f) 1 : 1000, (g) 1 : 5000, (h) 1 : 
10000. 
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Figure 2-2. FTIR spectra of (a) emeraldine-base aniline trimer, (b) freshly 
synthesized TSUPQD, and (c) recrystallized TSUPQD. 
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Figure 2-3. (A) 1H-NMR spectra for TSUPQD; (B) 13C-NMR spectra; (C) 
29Si-NMR spectra; solvent: deuterated dimethylsulfoxide (DMSO-d6). 
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Figure 2-4. Mass spectrum of TSUPQD with the comparison between experimental 
result and calculated data in mass spectrum of sodium salt of TSUPQD. 
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Figure 2-5. (A) TGA curves of (a) emeraldine-base aniline trimer, (b) recrystallized 
TSUPQD, and (c) freshly-synthesized TSUPQD; (B) (a) DSC curve of freshly 
synthesized TSUPQD and (b) recrystallized TSUPQD. The insert shows the Tg of 
compounds from a magnified view. 
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Figure 2-6.  Separation of X-ray Debye-Scherrer pattern from TSUPQD for crystalline 
component, amorphous component and the baseline. (A) XRD of as-synthesized 
TSUPQD; (B) XRD of recrystallized TSUPQD. 
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Figure 2-7. XRD spectrum of recrystallized EB form TSUPQD (a) and HCl-doped ES 
form TSUPQD (b). 
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Figure 2-8. XRD spectrum of recrystallized EB form TSUPQD (a) and oligoaniline-
contained hybrid material after sol-gel reaction (b). 
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Figure 2-9.  (A) Cyclic voltammogram of TSUPQD in aqueous solution of HCl (1 M). A 
trimer-film electrode was prepared by casting the trimer solution in ethanol (5 mg/ml) on 
top of the working electrode and then drying it in air. The scan rate used was 60 mV/sec; 
(B) Cyclic Voltammogram of TSUPQD in Acetonitrile containing 0.1 M Et4NPF6 and 
0.77 M MeHSO4. 
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Figure 2-10. Optical microscopy images (transmitted light, 1000 × objective) of HCl-
doped TSUPQD films prepared by dip-coating method (A) Undoped TSUPQD; (B) 1:10 
HCl-doped TSUPQD; (C) 1 : 80 HCl-doped TSUPQD; (D) 1 : 500 HCl-doped TSUPQD. 
 (A) (B)
 (C)  (D)
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Figure 2-11.  The electroactive hybrid materials made from co-condensation of TSUPQD 
and TEOS through sol-gel process.
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Figure 2-12. FTIR spectra for series of TSUPQD-TEOS hybrid material through sol-gel 
process. (a) 100 wt% electroactive organosilica from TSUPQD, (b) 50 wt% organosilica 
from TSUPQD-TEOS, (c) 25 wt% organosilica from TSUPQD-TEOS, (d) 10 wt% 
organosilica from TSUPQD-TEOS, (e) pure silica from TEOS as control. 
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Figure 2-13. TGA of hybrid material from TSUPQD-TEOS at different weight 
percentage of TSUPQD: (a) 0 wt%, (b) 10 wt%, (c) 25 wt%, (d) 50 wt%, (e) 100 wt%. 
Inset: TGA differential curves with plot of derivative weight percentage against 
temperature. 
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Figure 2-14. SEM images of as-synthesized 
hybrid materials from TSUPQD-TEOS at 
different weight percentage of TSUPQD: (A) 
0 wt%; (B) 25 wt%; (C) 50 wt%; (D) 100 
wt%; (E) Magnified view of 100 wt%. 
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Table  2-1. Comparison between experimental results and calculated data  
in mass spectra for sodium salt of TSUPQD*  
 
 
 
 
 
 
 
 
Exp.Mass Calc.Mass mDa PPM C H N O Na Si 
805.3768 805.3752 -1.5 -1.9 38 58 6 8 1 2 
 
*Exp. Mass, experimental mass; Calc. Mass, calculated mass; mDa, absolute error in 
milidaltons; PPM, relative error in parts per million. 
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Table 2-2. Elemental analysis result of TSUPQD 
 
 
 
 
 
 
 
 
 
Element C(%) H(%) N(%) 
Average(%) 
Discrepancy 
Exp. mass % (As-synthesized 
Sample) 
57.80 7.00 10.82 1.88 
Exp. mass % (Recrystallized 
Sample) 
58.25 7.36 10.56 0.89 
Theo. mass % 58.20 7.30 10.75 N/A 
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Table 2-3. d-spacing,  intensity corresponding to x-ray experimental  pattern of TSUPQD 
 * Abbreviation for intensity: s=small, m=middle and l=large 
 
 
 
 
 
 
 
 
TSUPQD as synthesized TSUPQD as recrystallized 
d-spacing, Å (hkl) d-spacing, Å (hkl) 
14.73 s (001) 12.49 l (102) 
 9.83 s (102) 8.28 l (002) 
6.03 l (010) 6.29 l (010) 
4.80 m (200)   4.51 m (200) 
4.13 l (210)   3.58 m (210) 
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Chapter 3: Templated Synthesis of Electroactive Periodic 
Mesoporous Organosilica Bridged with Oligoanilines 
 
3.1. INTRODUCTION 
As described in Chapter 2, periodic mesoporous organosilica (PMO) has attracted 
increasing attention in recent years.1 In general, this innovative class of hybrid materials 
are synthesized from hydrolysis and co-condensation of bridged silsesquioxanes (RO)3Si-
R’-Si(OR)3 and tetraethyl orthosilicate (TEOS) via surfactant-mediated self-assembly 
method. 2  A huge diversity of cationic, anionic, and nonionic surfactants have been 
employed to afford different 2-D/3-D structures including hexagonal and cage-like cubic 
structures. 3  With uniformly distributed functionality in the silica framework while 
retaining structural rigidity and well-ordered mesopores, 4  PMOs exhibit distinct 
properties over conventional mesoporous silica and other hybrid materials, such as 
enhanced flexibility, ‘crystalline’ pore wall,5  tunable hydrophilicity/ hydrophobicity,6 
magnetic,7 and optical properties.8 
By far, the integrated organic bridges in PMOs are limited to short aliphatic, 
aromatic, or organometallic building units,1, 12a-d which are more favorable in balancing 
the kinetics and interfacial thermodynamics during the organosilica formation process 
than larger organic groups.9 This limitation strictly hinders PMOs for a broader range of 
applications.10 To expand the diversity of PMOs for different applications, new bridging 
groups are needed to be introduced into the silica framework while retaining the desired 
properties of silica materials. For example, in the electrocatalytic applications, multi-
functionality as well as deliberate disorders is essential to provide facile and rapid 
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heterogeneous catalysis for small molecules. 11  For making sensing devices, the 
combination of high surface area and electronic conductivity is required for enhanced 
electric response.12 However, only a few successful studies on synthesizing novel PMOs 
with large bridging groups and multi-functionality have been reported.13 Kuroki et al. 
synthesized 1,3,5-benzene PMO showing unique thermal transformations,14 Liu et al. 
incorporated thioether groups into MCM-41 silica framework, obtaining increased 
hydrothermal stability and large adsorption ability towards Hg2+ and phenol.15 Grudzien 
et al. fabricated the bifunctional PMOs with a combination of ‘flexible’ ethane and 
‘bulky’ isocyanurate bridging groups.16 
In preparing electroactive hybrid materials, electrochemically active guests such as 
polyoxometalate17, ferrocenyl18 groups and enzyme glucose oxidase19, have been grafted 
into a mesoporous silica matrix. Electroactive PMOs made by co-condensation have 
advantages over these post-synthetically functionalized materials in that the electroactive 
organic moieties are homogeneously distributed in the inorganic matrix without severely 
occupying the inner void space.6 Herein, we report the successful synthesis of a novel 
electroactive periodic mesoporous organosilica with amino-capped aniline trimer units as 
bridges, which exhibits similar intrinsic physical properties and electroactive behavior to 
polyaniline20 due to the same oxidation and protonic doping mechanisms (Scheme 3-1). 
N,N’-bis(4’-(3-triethoxysilylpropyl-ureido)phenyl)-1,4-quinonene-diimine (TSUPQD) 
synthesized from the emeraldine base form of aniline trimer21 was used as the precursor,  
which underwent hydrolysis and co-condensation with TEOS in a 
cetyltrimethylammonium bromide (CTAB) templating hydrothermal sol-gel method 
using acetone as the co-solvent. Removal of CATB surfactants from the hexagonally 
ordered oligoaniline-containing silica afforded the novel electroactive periodic 
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mesoporous organosilica (TSU-PMOs), which has high surface area and contains 
uniformly distributed electroactive units inside the pores.  
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 Scheme 3-1. Synthesis of electroactive TSU-PMO 
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 Possessing both incorporated tunable electroactivity and surface charges, TSU-
PMOs can be potential candidates as switchable host-guest systems for the delivery 
devices of bioactive molecules, such as drug molecules, proteins, and DNAs. They are 
also promising as future electrocatalysts and biosensor electrodes with enhanced 
performance. 
 
3.2. EXPERIMENTAL SECTION 
3.2.1. Materials and Synthesis 
Emeraldine base aniline trimer N,N’-bis(4’-aminophenyl)-1,4-quinonene-diimine 
(EBAT) was prepared following the established procedure developed in our group22 and 
was purified by Soxhlet extraction with acetone. Triethoxysilylpropyl isocyanate 
(TESPIC), tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), 
L-10-camphorsulfonic acid (HCSA), ammonium hydroxide (29.82 wt% NH3•H2O), and 
acetone (reagent grade) were purchased from Sigma-Aldrich and used as received. 
Silsesquioxane precursor N,N’-bis(4’-(3-triethoxysilylpropyl-ureido)phenyl)-1,4-
quinonenediimine (TSUPQD) was prepared from the one-step reaction between N,N’-
bis(4’-aminophenyl)-1,4-quinonene-diimine (EBAT) and triethoxysilylpropyl isocyanate 
(TESPIC) at molar ratio of 1 : 2 in THF followed by addition of excessive amounts of n-
hexane to precipitate the product as a wine-red solid.23 A typical procedure for 
synthesizing electroactive PMOs (66 wt% TSUPQD) is as follows: 129.7 mg (0.36 mmol) 
of cetyltrimethylammonium bromide (CTAB) were dissolved in 5.82 g of 16 wt% 
NH3•H2O (54.8 mmol), and the solution was stirred at 40oC in a sealed polyethylene 
bottle for 1 hour. After cooling down to room temperature, 80 mg (0.38 mmol) of TEOS 
were added to the solution, and the mixture was kept stirring until a homogenous solution 
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was obtained indicating the complete hydrolysis of TEOS. To this solution, 160 mg 
(0.21 mmol) of TSUPQD in 2 ml acetone were added, and the resulting mixture was 
stirred at 50oC for 12 h followed by aging at 100oC for 1 day. The mixture was then 
cooled to room temperature, the black solid product was filtered out and air dried 
overnight. To obtain TSU-PMOs with varying amount of aniline trimer contents, 
different weight ratios of TSUPQD and TEOS were used in the procedure as summarized 
in Table 3-1. To assure that the pore parameters of TSU-PMOs were affected only by the 
amount of TSUPQD instead of changes on the surfactant or the solvent, all of the PMO 
samples studied were prepared with the same amounts of CTAB, ammonia, and acetone. 
As a control, non-porous TSU organosilica was also prepared under the same conditions 
except for the absence of surfactant CTAB. 
3.2.2. Postsynthesis Treatment 
The surfactant molecules were removed by extracting the solid for 12 hours using a 
mixture of 25 ml of ethanol, 2 ml of 2 M HCl and 1ml of n-hexane for all of the materials 
prepared as described above. Weight losses of ~ 10 - 50% were found after thorough 
extraction. For convenience throughout this article, TSU-PMOs are labeled with their 
loading percentage of TSUPQD. For instance, 20 wt% TSU-PMO defines the 
organosilica prepared from co-condensation of 20 wt% TSUPQD and 80 wt% TEOS. To 
evaluate the chemical accessibility of aniline trimer moieties, 50 mg of each emeraldine 
base form of PMO sample were added into 10ml of 5 wt% organic dopant L-10-
camphorsulfonic acid (HCSA) aqueous solution and ultra-sonicated for 1 hour. The solid 
was filtered out, washed with deionized water and dried in vacuum at 50oC for 24 hours. 
The weight gained after the treatment was attributed to the CSA- attached to the doped 
TSU-PMOs by electrostatic interaction. 
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3.2.3. Characterization 
IR spectra were recorded as KBr pellets with a Perkin Elmer 1600 Fourier transform 
infrared spectrometer (FT-IR). Studies of thermal properties were undertaken on a TA 
Instruments Thermogravimetric analyzer Q50 at a heating rate of 20oC/min under static 
air conditions. The structure of the mesoporous organosilica materials was characterized 
by small-angle X-ray diffraction (XRD), recorded on a German Bruker multi-angle X-ray 
diffractometer with Cu Ką radiation (40 kV, 85 mA). Transmission electron microscopic 
(TEM) images were obtained with a Hitachi 7600 Transmission Electron Microscope. 
Nitrogen adsorption/desorption isotherms, pore size distributions, and textural properties 
of the materials were measured using Micromeritics ASAP 2000 system. Before N2 
adsorption/desorption analysis, the samples were evacuated and dried at 100oC for 12 
hours. BET surface area was calculated from adsorption data in the relative pressure 
range from 0.01 to 0.3. Electrochemical measurements were performed using an Epsilon 
Potensiostat (Bioanalytical Systems, Inc.) interfaced with a PC computer. A three-
electrode system was employed, consisting of a platinum foil electrode with a surface 
area of 0.25 cm2, a platinum-wire auxiliary electrode and a reference electrode. The 
reference electrodes used were Ag/AgCl for aqueous solutions and Ag/Ag+ (silver ions as 
0.01 M AgNO3 in a solution of MeCN containing 0.1 M Et4NPF6) for non-aqueous 
solutions. Electric conductivity measurements were performed with a 4-probe device 
(PAR Model 173 Potentiostat/Galvanostat). 
 
3.3. RESULTS AND DISCUSSION 
As illustrated in Scheme 3-1, emeraldine-base aniline trimer reacted with TESPIC to 
give the electroactive silsesquioxane precursor TSUPQD, which was then incorporated 
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into a silica matrix via hydrolysis and co-condensation with TEOS using CTAB as a 
structure template. To successfully assemble organosilica into periodic mesophase, 
appropriate template-precursor interfacial energy must be employed. Favorable 
interfacial energy, such as hydrophilic-hydrophobic interactions and electrostatic forces, 
can help the PMO formation even with sterically hindered organic bridges. Hydrophilic-
hydrophobic interactions are crucial in controlling the formation of micelles, while 
charge matching (S+I-) between surfactant head group and silanolate (Si-O-) affects the 
molecular structure. Factors in tuning the template-precursor interfacial energy include 
temperature, concentration, pH value, co-surfactant, co-solvent, and incorporation of 
organic additives. 23  In our synthesis of TSU-PMOs, the precursor TSUPQD was 
condensed at room temperature under mild basic conditions with cationic CTAB as the 
template. The basic environment keeps TSUPQD in the emeraldine-base form, which 
eliminates the electrostatic interference from the positively charged aniline trimer unit 
and is much easier to process in organic solvents24 than the doped-salt form. Acetone was 
used as a co-solvent to help dissolve TSUPQD without any significant influence on the 
assembling of precursors and surfactant micelles into ordered mesophase structures, as 
proved by XRD and nitrogen sorption measurements. 
3.3.1. UV-Vis Spectra 
The presence of oligoaniline units in TSU-PMOs was proved by IR spectrometry 
(Figure 3-1). The strong bands at 1500 cm-1 - 1700 cm-1 are characteristic of oligoaniline 
groups. Two sharp bands at 1500 cm-1 and 1600 cm-1 are attributed to the benzenoid and 
the quinoid groups, respectively.25 The much higher benzenoid absorption over quinoid 
band confirmed that after acid-extraction the surfactant-free samples were in emeraldine 
salt form. The weak band at 1650 cm-1 is associated with the C=O stretching in the ureido 
unit. Two small peaks at 2860 cm-1 and 2920 cm-1 (Figure 3-1) corresponding to 
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saturated C-H bond stretching absorption are assigned to the -(CH2)3- unit in TSUPQD 
precursor. All of the synthesized TSU-PMOs show very similar IR spectra with 
differences only in the relative band intensities. The increased absorption intensity 
associated with increased amount of TSUPQD during the synthesis suggested the 
successful incorporation of organic bridges in TSU-PMOs. As demonstrated in Figure 3-
1, the discernible peaks (1500, 1600, 1650 cm-1) for 66 wt% TSU-PMO (Figure 3-1d) 
gradually attenuated with decreased organic contents in TSU-PMOs (Figure 3-1c-a). 
3.3.2. Thermal Study 
In order to investigate the thermal stability of the oligoaniline moieties in the silica 
mesostructure, thermogravimetric analyses (TGA) were conducted (from room 
temperature to 800oC in air) for both TSU-PMOs and the hybrids before the removal of 
surfactant. As shown in Figures 3-2A and 2B, TSU-PMOs with different loading of 
oligoaniline bridging groups exhibited different TGA profiles and corresponding 
derivative weight loss curves (DTG). Increasing concentration of organic groups leads to 
higher peak intensities in DTG curves, but does not affect the pattern of the thermal 
decomposition. The TGA curves of hybrid materials before surfactant extraction showed 
remarkable weight losses (10 - 26 wt%) at ~ 255oC due to the thermal degradation of 
surfactant CTAB. It is noteworthy that 5 wt% TSU-PMO showed the highest weight loss 
at this temperature region, implying the highest amount of surfactant encapsulated in the 
matrix which indicates the largest pore and volume surface area in this composite. In the 
profiles of template-free organosilicas (Figure 3-2A, 3-2B), the 1 - 2 wt% weight loss 
below 100oC resulted from residual ethanol and physisorbed moisture. The major 
decomposition peaks at ~ 550oC on the DTG curves corresponded to the oligoaniline 
units which agreed with our previous study23 in that the aniline trimer appeared to be 
stable up to 400oC. The minor decomposition peaks between 250oC and 400oC were 
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assigned to ureido-propyl groups. Moreover, the weight of the residues survived from 
800oC is in good agreement with the theoretical values calculated from stoichiometry of 
the starting materials (Table 3-1). For example, in 20 wt% TSU-PMO, the sample 
yielded 68.9% SiO2 at 800oC, which is consistent with the theoretical value of 69.1% 
SiO2. This agreement further confirmed the complete extraction of surfactants by 
hydrochloric acid-ethanol mixture washing. 
3.3.3. Morphological Study by XRD Measurement 
Small-angle XRD diagrams of TSU-PMOs (Figure 3-3) show that the materials with 
low loading of oligoaniline bridges (< 33 wt%) retain the 2-D hexagonal crystallographic 
structure assembling typical MCM-41 pattern,1 with three low-angle Bragg diffraction 
peaks indexed as (100), (110), (200) reflection planes of the hexagonal space group 
P6mm.7 By the oligoaniline concentration increases, the 2θ angle increases indicating the 
decreases of the interlayer spacing. At the same time, peak intensities gradually attenuate, 
reflecting deteriorating structural ordering of the silica framework. For example, for 66 
wt% TSU-PMO, d-spacing reduces from 4.0 nm to 3.8 nm, the (100) peak is notably 
broadened and the higher order (110) (200) reflections disappear, which suggests a lower 
structural symmetry of the silica matrix. The broadening and darkening of Debye-
Scherrer diffraction pattern rings (Figure 3-3 inserts) further confirm the decreasing 
structural order associated with increasing oligoaniline content. These changes in X-ray 
diffraction profiles parallel other functionalized PMOs previously reported.26 The d100 
spacings and calculated inter-pore distances a0 for several representative TSU-PMOs 
materials are listed in Table 3-2. Wide-angle XRD measurements were used to examine 
the effective co-condensation of TSUPQD and TEOS. The wide-angle XRD profiles 
(Figure 3-4 A-B) show a broad amorphous band of TSU-PMOs centered at 2θ ~ 21oC. 
By contrast, wide-angle XRD measurements were conducted on a physical mixture of 
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two different silica materials, one from the self-condensation of TSUPQD and the other 
from the self-condensation of TEOS, at a series of weight ratio. Their XRD profiles show 
different patterns from those of TSU-PMOs, which featured a broad amorphous domain 
with a group of inner rings superimposed on the top from 2θ ~ 6˚ to 2θ ~ 25˚. These 
crystalline peaks resemble those of the emeraldine base (EB) form polyaniline and arise 
from the ordered patterning of oligoaniline moieties.23 These results strengthened the 
notion that the combination of TEOS and the bis-silylated TSUPQD afforded 
homogeneous sols in the course of co-condensation and eventually led to homogeneous 
hybrid materials TSU-PMOs. 
3.3.4. Nitrogen Adsorption/Desorption Study 
Because the incorporated TSU bridges are not as mechanically strong as the 
continuous -Si-O- units, TSU-PMOs show deteriorated structural regularity and 
mesostructral features compared to pure silica matrix. To examine the influence of TSU 
groups on interior pore parameters, the nitrogen sorption characterization was conducted. 
Figure 3-5 shows the nitrogen adsorption-desorption isotherms at –196oC for TSU-
PMOs with different TSU contents. In Figure 3-5, all of the nitrogen adsorption-
desorption isotherms exhibit reversible capillary condensation/evaporation (type IV) 
behavior, characteristic of mesoporous materials.27 Figure 3-5 and Figure 3-6 together 
illustrate that the lower the TSU content, the steeper the capillary condensation branch (at 
P/P0 ~ 0.2-0.3), and the more uniform the pore sizes in the material matrix. Also, the 
position of the capillary condensation branch shifts towards lower relative pressure with 
increasing concentration of TSU units, indicating smaller pore sizes in TSU-PMOs. All 
of the sorption isotherms show pronounced H4 type hysteresis loops 28  at relative 
pressures between ~ 0.99 and ~ 0.45. These may arise from the delayed capillary 
evaporation from secondary mesopores in mesoporous structures formed from filling of 
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the interparticle spaces.29 Table 3-2 lists the Brunauer-Emmett-Teller (BET) specific 
surface areas,30 single-point adsorption total pore volumes,31 and mesopore diameters for 
different TSU-PMO samples. While the TSU content increases from 5 wt% to 66 wt%, 
the average mean pore diameters given from BJH distribution curves gradually shift from 
2.8 nm to 2.1 nm, still within the range of mesopores. Meanwhile, the wall thickness 
increases from 1.8 nm to 2.4 nm. The trend of mesopore shrinkage with increasing TSU 
loading is also derived from the changes on BET surface area and total pore volume, 
which indicate deteriorated mesostructural features with higher loading of TSU groups. 
The data from nitrogen sorption characterization are in agreement with the observation 
from XRD studies that 66 wt% TSU-PMO shows a structure with lower mesopore 
ordering. 
3.3.5. TEM 
The transmission electron microscope (TEM) images of TSU-PMOs show ordered 
mesopore structure with uniformly distributed hexagonal 2-D symmetry (Figure 3-7). 
But different amounts of TSU content render the structures different degree of 
patternings. For example, in the TEM micrographs of 20 wt% TSU-PMO (Figure 3-7A), 
evenly separated parallel fringes are clearly seen with mesopores aligned along the fringe 
extending axis, while in the images of 66 wt% TSU-PMO (Figure 3-7B), a worm-like 
structure with smaller mesopores are observed, demonstrating a less-ordered phase. The 
TEM images confirmed that the structural integrity of the mesoporous material was still 
maintained with up to 66 wt% of TSU moiety, while increasing amount of incorporated 
TSU groups leads to a reducing pore size (from 2.5 nm for 20 wt% TSU-PMO to 2 nm 
for 66 wt% TSU-PMO), which is consistent with the BJH calculation and XRD studies. 
3.3.6. Cyclic Voltammetry 
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As reported before,23 the precursor TSUPQD showed essentially similar 
electrochemical behavior as polyaniline but with slightly higher redox peak potentials, 
which are attributed to the electron withdrawing ureido groups attached to the main chain 
of the amino-capped aniline trimer. Based on this phenomenon, we studied the 
electrochemical behavior of the TSU-PMOs in both aqueous and non-aqueous solutions. 
Cyclic voltammograms obtained in strongly acidic aqueous solutions of HCl (1M) for 
TSU-PMOs with different TSU content are shown in Figure 3-8. Because the analytes 
are insoluble in aqueous conditions, the samples were wrapped into platinum foil 
electrodes for measurements. In the scanned potential range shown (0-1.0V), one well 
defined redox pair of peaks was found at around 0.55V against the reference electrode 
(Ag/AgCl), which corresponds to the transition from the “leucoemeraldine” to the 
“emeraldine” form of the aniline oligomer and represents the removal/addition of two 
electrons.32 The second redox pair of peaks, which corresponds to the oxidation of the 
“emeraldine” form to the “pernigraniline” form, can not be detected in aqueous solutions 
due to the background range limit from water. In order to observe this redox pair of 
peaks, experiments have to be conducted in non-aqueous solutions. Figure 3-10 shows 
the CV obtained in acetonitrile for the electroactive hybrid made from 100 wt% of 
TSUPQD, which clearly shows two pairs of redox peaks. However, the CVs of TSU-
PMOs in non-aqueous solutions do not give obvious redox peaks due to the inadequate 
interactions between TSU-PMOs and organic dopants or electrolytes. So, aqueous 
conditions were chosen for electrochemical studies of TSU-PMOs, and the redox pair of 
peaks corresponding to the transition from the “leucoemeraldine” to the “emeraldine” 
form was used to compare the electroactivities for different TSU-PMO materials. 
The cyclic voltammograms indicate that the electroactivity coming from the 
electroactive aniline trimer moiety is still maintained in TSU-PMOs. But substantially 
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lower intensities of the redox peaks for TSU-PMOs were observed compared to the 
electroactive precursor (TSUPQD) under the same conditions, which are caused by the 
co-condensation with the electrochemically inert TEOS and the formation of a rigid 
inorganic silica framework. It is not surprising to see that the introduced electroactive 
function can be well controlled by adjusting the content of oligoaniline bridges in the 
organosilica. As seen in Figure 3-8A, 66 wt% TSU-PMO shows at least one order of 
magnitude higher currents compared to the low content (≤ 33 wt%) TSU-PMOs, which is 
consistent with the fact that 66 wt% TSU-PMO has more redox sites than lower content 
TSU-PMOs. 
The electrochemical activity of these redox sites is established by direct electron 
transfer from the working electrode surface to the electroactive sites33 and/or via long 
range electron transfer through electron exchange between the adjacent electroactive 
moieties (electron hopping).19,34 It is noteworthy that the electrochemical behavior of the 
mesoporous 66 wt% TSU-PMO is significantly different from that of the non-porous 66 
wt% TSU-PMO as depicted in Figure 3-8B and Figure 3-9. This may be attributed not 
only to the fact that the uniform mesopores provide more rapid electrolyte diffusions, but 
also to enhanced ordering of adjacent electroactive groups which facilitates the electron 
exchange between the active redox centers and the working electrode. From this 
electrochemical study, it can be stated that MCM-41 mesoporous structure makes this 
series of hybrid materials not only retain the anticipated electroactivity but even enhance 
the electrochemical performance compared to conventional bulk materials. The 
conductivity measurement result (~ 10-5 S/cm) for HCl-doped 66 wt% TSU-PMO using 
the four-probe method is also in good accordance with this statement. Compared to 
aniline trimer though, this measurement shows a two-order-of-magnitude decrease in 
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conductivity, which arises from the presence of the non-conducting inorganic silica 
matrix. 
3.3.7. Accessibility of Acidic Dopant 
The chemical accessibility of TSU-PMOs was evaluated by examining their uptake of 
organic dopant 10-camphorsulfonic acid (HCSA), and the results were compared to their 
nonporous counterparts, nonporous TSU-silica (Figure 3-11). When treated with HCSA, 
the electroactive oligoaniline groups in both hybrid materials were converted from the 
emeraldine base form to the emeraldine salt form, with H+-doped aniline trimer as the 
cation and CSA- as the anion. The uptaken HCSA causes weight increase for both 
materials. In the case of pure silica matrix, the pure periodic mesoporous silica (0 wt% 
TSU-PMO) showed almost negligibly more mass uptake compared to nonporous silica, 
which indicated that mesopores are not good reservoirs for HCSA, instead, the 
electrostatic attraction between cationic oligoaniline units and anionic CSA- groups 
accounts for HCSA uptake. As shown in Figure 3-11, the presence of higher content of 
oligoaniline units in TSU-PMOs leads to larger weight increase, which confirmed that the 
electrostatic interaction is the dominating factor over the surface adsorption to control the 
mass uptake of HCSA. For example, 33 wt% TSU-PMO, which showed smaller surface 
area than 5 wt% TSU-PMO, gave a mass increase of a 25.18±0.42 wt%, while 5 wt% 
TSU-PMO only gave a mass increase of 7.47±0.19 wt%. However, pore parameters are 
still important factors affecting chemical accessibility. TSU-PMOs always showed 
considerably higher weight increase over the nonporous TSU-silica. For example, 10 
wt% TSU-PMO gained a 13.28±0.13 wt% increase after HCSA doping, whereas 
nonporous 10 wt% TSU-silica only gained a 5.30±0.10 wt% increase and both weight 
increases are below the theoretical value of 17.82 wt% calculated from the amount of 
TSUPQD precursor used in the material fabrication process. These results clearly 
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illustrated that not all of the oligoaniline trimer units in the hybrid materials are 
accessible to bulky camphorsulfonate groups, larger surface area and more interior 
channel makes the organic moiety in TSU-PMOs more ready for further 
functionalizations. 
 
3.4. CONCLUSION 
In summary, we have developed a novel group of electroactive PMOs as the analog 
of electrically conductive polymer-polyaniline using a surfactant CTAB-templated 
approach. The resultant PMOs maintain hexagonally patterned mesostructure with 
TSUPQD loading of up to 66 wt% and mesopore diameters in the range of 2 - 3 nm. The 
integrated oligoaniline components show direct effects on interior surface area, 
uniformity of pore diameters, and channel tortuosity. With slightly deteriorated 
mesoporous structural properties, the TSU-PMOs with higher contents of oligoaniline 
moiety exhibit enhanced electroactivity over TSU-PMOs with lower oligoaniline 
loadings. The introduction of unique electroactivity with retention of the mesoporous 
reservoirs makes this new series of hybrid materials promising in manufacturing 
chemically and electrochemically switchable devices. Further work on applying them in 
tunable host-guest system for protein delivery is in progress. The synthetic strategy 
employed in this study may also be applied to other ‘synthetic metals’35 for introducing a 
variety of physiochemical properties into inorganic silica matrix. 
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Figure 3-1: FT-IR spectra of surfactant-free TSU-PMOs. (a) 0 wt% TSU- PMO; 
(b) 10 wt%; (c) 33 wt%; (d) 66 wt%. 
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Figure 3-2. Thermogravimetric plots (A) and derivative weight loss curves (B) 
after surfactant extraction. (a) 0 wt% TSU-PMO, (b) 20 wt%, (c) 33 wt%, (d) 
66 wt%. 
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Figure 3-3. XRD patterns of electroactive PMOs with various compositions of TSUPQD 
and TEOS. (a) 0 wt%; (b) 5 wt%; (c) 33 wt%; (d) 66 wt%. Insets: Debye-Scherrer 
diffraction pattern rings of 5 wt% and 66 wt% TSU-PMOs. 
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Figure 3-4. Wide angle XRD spectrum of (a) PMO and (b) silica-organosilica 
mixture for (A) 10 wt% and (B) 66 wt% hybrids.  
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Figure 3-5. Nitrogen adsorption/desorption isotherms. (a) 5 wt% TSU-PMO; (b) 10 
wt%; (c) 20 wt%; (d) 33 wt%; (e) 66 wt%. 
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Figure 3-6. BJH pore size distribution curves of the TSU-PMOs. X-axis: Pore 
diameter (å) and Y-axis: dV/dD (cm3g-1A-1) 
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Figure 3-7. TEM images of oligoaniline-containing hybrid mesoporous 
organosilica, (A) 20 wt% and (B) 66 wt%. (scale bar: 20 nm) 
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Figure 3-8. (A) Cyclic Voltammograms of (a) 0 wt%, (b) 33 wt% and (c) 66 wt% TSU-
PMO in aqueous solution of HCl ; (B) Cyclic Voltammograms of (a) 66 wt% nonporous 
TSU-organosilica and (b) 66 wt% TSU-PMO 
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Figure 3-9. Cyclic Voltammograms of (a) nonporous and (b) mesoporous hybrid 
materials for (A) 33 wt% and (B) 10 wt% TSU organosilica in the solution of HCl.
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Figure 3-10. Cyclic Voltammogram of the electroactive hybrid made from 100 wt% TSUPQD. 
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Figure 3-11. Mass uptake of L-camphorsulfonate group for (a) nonporous organosilica and 
(b) mesoporous TSU-PMOs. 
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Table 3-1. Concentration of bridging groups in the TSU-PMOs 
 
 
 
 
 
 
Mass used as precursor TSUPQD : TEOS 
Ratio (wt%/wt%) 
TSUPQD (mg) TEOS (mg)
Bridging group/ 
SiO2 (wt %) 
Bridging group in 
the TSU-PMO 
product (wt%) 
0 : 100 0 200 0 0  
5 : 95 10 190 10.4 9.42 
10 : 90 20 180 21.2 17.49 
20 : 80 40 160 44.7 30.89 
33 : 67 80 160 79.0 44.13 
66 : 34 160 80 193.5 65.93 
100 : 0 200 0 381.0 79.21 
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Table 3-2. Structure and pore parameters of the PMOs after removal of templates.a 
 
 
 
 
 
 
 
 
 
a ao, the unit cell; SBET, the BET specific surface area; PBET, average mesopore diameter; 
PBJH, dominate pore diameter (defined as peak value in the BJH pore size distribution 
curves for the pores diameters between 17 and 3000 Å in Figure S4); W, wall thickness; 
VTOTAL, total pore volume obtained from P/P0=0.99 
 
 
Sample d100/nm ao/nm SBET/m2g-1 PBET/nm PBJH/nm W/nm VTOTAL/cm3g-1 
0wt% 4.0 4.6 940 3.3 2.8      1.8 0.8 
5wt% 4.0 4.6 1054 3.5 2.8     1.8 0.9 
20wt% 3.9 4.5 844 2.5 2.5     2.0 0.5 
33wt% 3.9 4.5 423 2.3 2.2     2.3 0.2 
66wt% 3.8 4.4 190 2.8 2.1     2.4 0.1 
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Chapter 4: Electroactive Oligoaniline-Containing Self 
Assembled Monolayers for Tissue Engineering Applications 
 
4.1. INTRODUCTION 
4.1.1. Tissue Engineering  
The interdisciplinary research on tissue engineering has been initiated from the use of 
synthetic or naturally derived, engineered biomaterials to interact with the human body to 
restore or improve the function of tissues, such as bone, skin, and even organs.1 This 
emerging field is extremely promising as it combines the principles and techniques of 
chemistry, engineering and life sciences in generating novel biological substitutes. 2 
Tissue engineering potentially possesses dramatic improvements in medical care for a 
wide range of patients waiting for organ transplants, and equally dramatic reductions in 
medical costs. Due to the significant shortage of donor organs, more than 70,000 tissue 
substitutes are needed despite the poor survival rates and high cost (Figure 4-1).3  To 
explore the possibility of the reconstruction of living tissues, the research on tissue 
engineering developed rapidly and there has been a $3.5 billion worldwide R&D effort 
by biotech industrial units. 4 
Currently, there are three general approaches in the literature adopted for creating new 
tissues. 
1) Design and grow human tissues in vitro for later implantation to repair or 
replace defective tissues.5 
2) Implantation of novel functional polymers with three-dimensional 
constructions, to which cells attach and grow to reconstitute tissues.6 
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3) The development of human tissue-containing external devices that are 
designed to replace the function of defective internal tissues.7 
We employed the second approach in this study with the aim of developing novel 
polymeric materials as scaffolds because the major advantage of this approach is that 
tissues can be designed to grow in such a way that they match precisely the clinic 
requirements in terms of size, shape and immunological compatibility while minimizing 
the need for further treatment. 
4.1.2. The Extracellular Matrix 
Cells secrete a network of proteins and carbohydrates, called the extracellular matrix 
(ECM) that creates a special environment in the spaces between cells. The matrix 
provides support and anchorage for cells through which cells can move, particularly 
during the early stages of differentiation, and also provides a way of separating the 
tissues, and regulating intercellular communication. The ECM has three major 
components: proteoglycans, which are composed of repeating disaccharide units termed 
of glycosaminoglycans and cushion cells; collagen and gelatin fibers, which provide 
strength and resilience, and soluble adhesive matrix proteins, i.e., fibrillin, fibronectin, 
and laminin, which bind these components to receptors on the cell surface.8   
Cell adhesion and migration in two and three dimensions play significant roles in a 
host of physiological phenomena, including neurite outgrowth. The adhesion of cells 
within their environment is controlled by the binding of cell surface receptors to exposed 
protein domains, which are exposed on the surface of ECM. An important receptor 
family involved in adhesion and migration are the integrins, a class of heterodimeric 
receptors that interact with both extracellular matrices and cell-surface ligands.9 One 
widely used peptide sequence is Arg-Gly-Asp (RGD), a well-established prototypical 
adhesion motif present in many of the ubiquitous cell binding sites of ECM, including 
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fibronectin, laminin, collagen and fibrinogen.10 When immobilized onto the substrate 
surface, this sequence was shown to promote cell attachment in a manner similar to that 
of fibronectin.11 
4.1.3. Scaffold Materials 
Polymeric scaffold materials employed in tissue engineering have been intensely 
studied because they are crucial to restoring or replacing biological functions, including 
allowing cell attachment, migration, proliferation and differentiation.12 In order to be 
useful as provisional extracellular matrix (ECM) substitutes, the scaffolds have to be 
biomimetic, in addition to being biocompatible, absorbable, biodegradable and exhibit 
tissue-specific mechanical properties. In general, scaffold materials can be categorized as 
biologically derived or synthetically produced polymers. In the past, numerous synthetic 
polymers, natural biopolymers, or composite copolymers, such as, poly (ε-caprolactone), 
polylactide, lyophilized elastin-collagen, and chitosan (CS)-based biocomposites, have 
been used for tissue engineering applications.13 More recently, novel biomaterials have 
emerged, which through targeted functionalization are tailored to trigger specific cell 
growth and differentiation.14 Scaffolds can also be fabricated in many forms to give their 
required characteristics for specific purposes. For example, fiberous materials can 
provide a large surface area/volume ratio that allows more direct interaction between 
cells and scaffolds. 
4.1.3.1. Natural Polymeric Scaffolds 
There are many different existing potential biodegradable scaffold materials that have 
been used for tissue engineering applications.  
(A) Collagen/Gelatin: Collagen is the major protein component of 
mammalian connective tissue, accounting for 30% of all protein in the 
human body. It provides strength and flexibility required for every 
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major tissue. Individual collagen molecules consist of a chain of 
amino acids, which can polymerize in vitro into strong fibers and 
progressively cross-link into larger organized structures like scaffolds 
with enhanced stability and mechanical properties. 15 
 
(B) Chitosan: This biosynthetic polysaccharide can exhibit 
biodegradability in vivo in the presence of lysozyme that is an enzyme 
existing in egg white, human tears, saliva, and many other body fluids. 
Similar to hyaluronic acid, chitosan is a type of non-antigenic and well-
tolerated implant material and possess the potential of further chemical 
modification. 16 
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(C) Glycosaminoglycans (GAGs): GAGs are a group of highly viscous 
and highly negatively charged macromolecules. They are mainly 
located on the surface of cells or in the ECM. As one of primary 
structural components of ECM, GAGs provide necessary structural 
rigidity and integrity to cells and offer channels for cell migration. 
Among them, hyaluronic acid has become the most popular GAG in the 
medical device development owing to its relative ease of isolation and 
modification as well as the ability to form solid structures.17 
 
Hyaluronan 
4.1.3.2. Synthetic Polymeric Scaffolds 
The widely used synthetic biodegradable polymers are mainly focused on 
homopolymers or copolymers of polyesters, which have been applied to wound closure18, 
orthopaedic fixation devices19, dental applications20, and cardiovascular applications.21 
Recently, sol-gel-derived bioactive glasses have emerged for some particular tissue 
regeneration. 
(A) Poly (glycolic acid), poly (lactic acid) and their copolymers: PGA, PLA and 
their copolymers are the most widely used biodegradable polymers in medicine. 
Of this family of linear aliphatic polyesters, PGA has the simplest structure. 
Because of its nature of high crystallinity, the scaffolds derived from PGA 
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appear to be robust and strong in mechanical properties and are not soluble in 
most organic solvents.22 Comparatively, PLA is more hydrophobic because of 
the extra methyl group from lactic acid and thus exhibits better solubility in 
organic solvents than PGA. PLA has two different optical forms, D- and L-. L-
PLA is naturally existing and a semi-crystalline polymer that possess high 
tensile strength and low elongation. Whereas, D-PLA is an amorphous polymer 
and exhibits lower mechanical stiffness and longer degradation time, making it 
suitable as a drug delivery system.23 
 
 
(B) Poly-ε-caprolactone: PCL is a synthetic polyolefin that is intensively 
investigated as a biomaterial in biomedical applications because of its 
biocompability.24 Especially, PCL is attractive for the preparation of long-term 
implantable devices, owing to its degradation which is even slower than that of 
PLA. Furthermore, the copolymers of PCL and PLA have been fabricated to 
control the rate of degradation.25 
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(C) Bioactive glasses: Bioactive glasses based on a silica (O-Si-O) network 
structure have been investigated for applications in bone repair or bone 
replacement because of its unique capability to form strong covalent bond with 
hydroxycarbonate apatite (HCA) layer. Bioglasses are now commercially 
available for bone regeneration with similar Young’s modulus to cortical bone 
and are composed of SiO2, Na2O, CaO and P2O5. Bioactive glasses can also be 
formed via sol-gel process using alkoxide precursors. 
4.1.4. Electroactive Polymers on Neuronal Tissue Engineering 
One particularly exciting area of tissue engineering is the repair of spinal cord injuries. 
In many of these studies, novel permissive scaffolds are evaluated, with the aim that these 
scaffolds will aid in the migration and maintenance/differentiation of endogenous (or 
exogenously seeded) neurons and facilitate the establishment of functional axonal bridges 
across the site of a lesion in the spinal cord. PC12 pheochromocytoma cells are cloned 
cells derived from the neural crest, which in the presence of neurotrophic factors, such as 
NGF, can differentiate into a neuronal phenotype indicated by cessation of cell division 
and extension of long neuronal-like processes that contain synaptic-like vesicles. 26 
Because of the ease of their availability and responsiveness to ng levels of NGF, PC12 
cells are well established as a model system to study neuronal differentiation.27  By 
seeding PC12 cells on peptide-derivatized polymer surfaces, the neurite extensions can be 
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evidenced occurring at peripheral nerve, revealing that natural biological matrix can be 
mimicked successfully.28 
Since the 1970s, electrically conductive organic polymers, such as polypyrrole (PPy) 
and polyaniline (PANI), have been extensively explored for many new technologies.29 
For instance, polyaniline was used to fabricate high-performance biosensors upon surface 
modification of electrodes.30 In recent years, this unique class of ‘synthetic metals’ has 
gained growing interest in a variety of biomedical applications, which exploit the 
intrinsic physiochemical properties of conducting polymers to interact with the biological 
environment.31  Recent reports described the use of conducting polymers as electroactive 
scaffold or substrate materials in tissue engineering to support and modulate the growth 
and differentiation of electrically excitable cells, such as PC12 pheochromocytoma cells32 
or bone marrow stromal cells. 33  The motivation for culturing cells and tissues on 
electroactive surface is based on the assumption that electrical stimulus could tune 
morphology and function of the anchorage-dependent cells through the specific 
interaction.34 While, the mechanism of how external electrical currents may contribute to 
cellular activation is not fully understood, it is well documented that electrical stimulation 
plays an important role in enhancing neurogenic35 and osteogenic36 commitment of cells 
when grown on electroactive scaffolds derived from PPy.37 Schmidt and coworkers have 
demonstrated that electrical stimulation enhances nerve growth factor (NGF)-induced 
neuritogenesis in PC12 cells grown on PPy.12 Similarly, Shastri et al. reported the 
electrical stimulation enhanced osteogenic differentiation of bone marrow stromal cells 
cultured on PPy.13 More recently, several other electroactive scaffolds comprised of PPy-
based biocomposites have been developed for studying cell growth in vitro and 
cytotoxicity in vivo.38  
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By contrast, few studies have reported potential tissue engineering applications of 
PANI, which is one of best characterized conducting polymers with its diversity of 
structural forms, high environmental stability and ease of charge transport by the so-
called ‘doping/dedoping’ process. 39  The main challenge to using PANI for 
biotechnological applications area arises from its apparently poor cell compatibility.40 
Covalent grafting of bioactive molecules, like adhesion peptides, is one effective strategy 
to improve biocompatibility of conventionally non-biocompatible materials. We 
previously reported that PANI films functionalized with the bioactive laminin-derived 
adhesion peptide YIGSR exhibited significant enhanced PC12 cell attachment and 
differentiation.41 In studying the influence of surface conductivity of emeraldine salt form 
of PANI on H9c2 rat cardiac myoblast cells, we determined that for these cells adhesion 
to and proliferation on unmodified electrically conductive PANI surfaces was essentially 
the same as on  tissue-culture-treated polystyrene (TCP). 42  More recently we 
demonstrated the biocompatibility of electrospun nanofibers containing camphorsulfonic 
acid-doped PANI and gelatin which might serve as potential scaffold materials for 
cardiac tissue engineering.43 The utilization of PANI-based materials, however, is still 
restricted by the processibility, biodegradability and resorbability of the conductive 
polymer.  
4.1.5. Motivation 
To the best of our knowledge, no reports have been published that focus on the 
biocompatibility of novel substrate materials containing electroactive oligoanilines. In 
particular the amino-capped emeraldine base form of aniline trimer (EBAT) might serve 
as a promising candidate, due to its well-defined electroactive structure, high flexibility 
during synthesis and processing, and ease of degradability.44 In this paper, we describe a 
novel electroactive silsesquioxane precursor, N-(4-aminophenyl)-N’-(4’-(3-
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triethoxysilylpropyl-ureido) phenyl-1,4-quinonenediimine) (ATQD), which was 
synthesized via a one-step coupling reaction between EBAT and triethoxysilylpropyl 
isocyanate (TESPIC). Our data indicate that ATQD could be evenly coated onto the glass 
surface via condensation and self-assembly. Furthermore, an RGD sequence-containing 
oligopeptide, cyclo (Arg-Gly-Asp-D-Phe-Lys) [cyclo RGD-D-FK], was covalently 
grafted onto the free aromatic amino-end of ATQD to improve its biocompatibility, as 
assessed by the adhesion, proliferation and differentiation of rat PC12 
pheochromocytoma cells.  
 
4.2. EXPERIMENTAL SECTION 
4.2.1. Materials  
Triethoxysilylpropyl isocyanate (TESPIC), anhydrous tetrahydrofuran (THF), 
dimethylformamide (DMF), and n-hexane were purchased from Aldrich (Milwaukee, 
WI), and were used without further purification. N-hydroxysuccinimidobiotin (NHS-
biotin), ImmunoPure Avidin, and 2-(4’-hydroxyazobenzene) benzoic acid (HABA) were 
purchased from PIERCE (Rockford, IL). The cyclic RGD peptide cyclo (Arg-Gly-Asp-
D-Phe-Lys) was supplied by Peptides International (Cat. No. PCI-3661-PI, Louisville, 
KY). N,N’-bis(4’-aminophenyl)-1,4 quinonenediimine (EBAT) was prepared according 
to a method developed in our group and purified with acetone in a Soxhlet Extractor.45 
All cell culture media and supplements were from Hyclone (Logan, UT), disposable 
tissue culture supplies were from Fisher (Corning, NY). 
4.2.2. Synthesis, Purification and Characterization of ATQD  
As described in Scheme 4-1, equal molar amounts of purified EBAT and TESPIC 
were mixed in a three-neck round flask containing anhydrous THF with magnetic stirring 
prior to refluxing at ~67 oC for 24 hours under N2 atmosphere. After cooling down to 
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room temperature, nonpolar solvent n-hexane was quickly added to the newly-formed, 
red-wine colored solution, and the reaction system was immediately moved into a dry 
ice-acetone bath for another 12 hours to allow thorough precipitation. The dark violet 
solid was collected by vacuum filtration through filter paper (No.42, 11.0cm, Whatman), 
washed with 300ml of n-hexane and dried under vacuum for 3 days at room temperature, 
resulting in a yield of ~85%. Further purification was achieved by silica gel column 
chromatography using n-hexane/ethanol (3/1, v/v) as eluant (thin layer chromatography 
(TLC), Rf =0.8), followed by solvent evaporation in a rotary evaporator (RE111 
Rotavapor, Brinkman). The resulting product was subsequently characterized by 1H-
NMR and 13C-NMR performed on a Varian 300 MHz NMR spectrometer; UV-VIS 
spectra were acquired on a Perkin Elmer Lambda 35 UV-VIS spectrometer, and mass 
spectra (MS) was conducted in VG70SE using fast atom bombardment (FAB) with 30 
kV Cs ion bombardment. Electrochemical measurements were performed using an 
Epsilon Potentiostat interfaced to a PC computer. A three-electrode system was 
employed, consisting of a platinum working disk electrode (surface area (s) = 0.02 cm2), 
a platinum-wire auxiliary electrode and a reference electrode. The reference electrode 
was Ag/Ag+ (silver ions as AgNO3 (0.01M) in a solution of MeCN containing 0.1 M 
Et4NBF4). The scan rate used was 60 mV/sec.  
4.2.3. Fabrication and characterization of ATQD-RGD self-assembled monolayers 
Prior to chemical modification, 15 mm diameter circular glass coverslips (Fisher) were 
precleaned following the Radio Corporation of America (RCA) cleaning process46 to 
generate a fresh, thin silica layer, the surface of which was rich in Si-OH groups. Briefly, 
the glass substrates were placed in a 5:1:1 (v) H2O: H2O2: NH4OH solution to remove 
insoluble organic contaminants, then submerged in a solution of H2O: HF (v:v ~100:1) to 
remove possible thin SiO2 layers, followed by the ionic cleaning using a solution of 6:1:1 
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(v) H2O: H2O2: HCl. Freshly prepared coverslips were dried in N2 atmosphere and then 
immediately immersed in acetone solution of ATQD at RT. The slides were left in that 
solution for 24 hours in order to allow the ATQD chains to attach to the wafer surface 
and to form self-assembled monolayers (SAMs). Subsequently the slides were thoroughly 
washed with acetone and 0.1N HCl. The progress of surface modification was monitored 
by atomic force microscopy (AFM) and quantified using a biotinylation-based procedure. 
In brief, at various time points (0- 24 h), individual samples were transferred into a 
Nanoscope IIIa AFM (Digital Instruments/Veeco, Santa Barbara, CA) equipped with 
rectangular silicon nitride cantilevers (TESPW, Digital Instruments/Veeco) using the 
tapping mode for the height visualization of ATQD on the glass surface. The degree of 
surface modification/functionalization with ATQD was evaluated quantitatively by 
examining the amount of the free aromatic amine groups using a biotin-labeling method, 
which has been commonly used in nonradioactive labeling and detection.47 The azo-dye 
HABA absorbs light at 500 nm when it binds to avidin. Due to its stronger affinity for 
avidin, the biotin moieties in biotinylated ATQD samples can replace HABA from its 
interaction with avidin. Therefore, immersion of biotinylated ATQD substrates into the 
HABA-Avidin solution results in a blue shift of the absorbance peak to 356 nm and a 
corresponding decrease of the absorbance at 500 nm. The change in absorbance can 
proportionally reflect the number of available biotin groups attached to the surface. The 
calculations are based on the Beer’s law: Aλ= ελbC, where ε is the extinction coefficient 
(34,000 ml/(M-1cm-1) at wavelength λ (500nm), b is the cell path length (1 cm) and C is 
the concentration of sample (mmol/ml). For each sample in this study, amine groups of 
ATQD were biotinylated with a NHS-biotin solution (10 mg dissolved in 3ml DMF) 48 to 
obtain biotin-labeled substrates. The progress of biotinylation of the derivatized 
substrates was evaluated by placing them into a HABA/Avidin solution (7.2 μg HABA + 
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0.5 mg Avidin/ml in pH 7.2 PBS) and measuring the change in absorbance of the 
chromophore at 500nm (A500). The density of free amine group was expressed as the 
concentration of biotin in mmol/ml according to the formula: DNH2=∆ A500/(34000*b), 
where b is path length (1 cm).  
The ATQD-modified substrates were crosslinked with glutaraldehyde (2.5%, adjusted 
to pH 7 using 0.1N NaOH) for 1h at ~30oC, followed by extensive rinsing in deionized 
water to remove excess glutaraldehyde. Next, the activated, crosslinked surfaces were 
exposed (37 oC, 1 hour) to acetic acid/acetate buffer (pH 5) containing a cyclic RGD 
peptide (5 μg/mL). After immobilization of the bioactive molecules, the substrates were 
cleaned by rinsing with distilled water and phosphate buffered saline and then used 
immediately for cell culture to avoid any contamination. 
4.2.4. Cell Culture 
To validate the suitability of electroactive oligoanilines as scaffold materials for tissue 
engineering, we used rat neuronal pheochromocytoma PC12 cells. These cells were 
maintained in a humidified incubator and grown in Dulbecco’s Modified Eagle’s 
Medium (DMEM), supplemented with 7.5% horse serum (Hyclone), 7.5% fetal bovine 
serum (Hyclone), 1% L-glutamine, an antibiotic cocktail (50 mg/ml penicillin and 100 
IU/ml streptomycin) under standard conditions (37oC, 5% CO2). For the in vitro 
biocompatibility studies, PC12 cells were seeded at various densities (depending on the 
experimental protocol) onto circular glass cover slips, which were either untreated 
(controls) or coated with the novel substrates and placed inside 24-well tissue culture 
plates. Before seeding, all cover slips were sterilized by exposure to UV radiation for 1h 
at both sides and secured to the bottom of wells by Viton O-rings (Cole-Parmer).49  
For the attachment studies, PC12 cells were seeded in 1mL of complete DMEM 
medium at a density of 50,000 cells/well in 24-well tissue culture plates. At various time 
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points (1-24 h), the number of attached cells on the substrates and unattached cells in the 
supernatants was assessed by manual counting in a hemocytometer (Fisher). The degree 
of cell adhesion was determined by dividing the number of attached cells by the total 
number of cells seeded. In addition, cell attachment to the substrates was also assayed 
biochemically, using the AlamarBlueTM assay (AB, Biosource, Alameda CA.).50,51 
Cell proliferation was also evaluated continually with the AB assay for a 13-days 
culture period, as previously described.52 Since we used all the substrates to culture cell 
with the serum-containing medium, we compared the differences of all substrates on cells 
under the same medium condition. For the proliferation studies, cell seeding density was 
optimized at 50,000 PC12 cells/well based on the preliminary result. The alamar 
fluorescence data in the proliferation study were normalized to the initial fluorescence 
readings at day 1. The cell growth rate K’ for the exponential phase (Day 3-9) was 
calculated following the equation K’= [Ln(N2/N1)]/(T2-T1), where N1 and N2 = 
normalized cell numbers at time 1(T1) and time 2(T2), respectively; Population doubling 
time (PD) was determined as PD= (Ln2)/K’.53   
In order to evaluate the influence of the electroactive substrates on neuronal 
differentiation of PC12 cells, neurite growth was assessed using microscopic techniques. 
PC12 cells were seeded on the various substrates at a density of 10,000 cells/well and 
allowed to differentiate in the absence and presence of nerve growth factor (NGF, 50 
ng/mL). The cultures were photographed on days 1, 3, 6 and 10. Before imaging, samples 
were fixed with 10% buffered formalin for 15 min at room temperature, stained with 2 
μg/mL bisbenzimide (BBZ, Hoechst 33258, a nuclear stain, Sigma) and 1 μg/mL 
rhodamine-phalloidin (Rh-Ph, F-actin stain, Sigma, P1951) in PBS solution containing 
0.2% Triton-X 100 (Sigma) for 10 min, and washed carefully with PBS 3 times for 5 min 
each. Digital fluorescence and phase contrast images of the cells were acquired using a 
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Leica DMRX microscope equipped with appropriate optics and filters using a Leica 
300F camera. Spontaneous and nerve growth factor (50 ng/mL, Sigma, N2513)-induced 
neurite outgrowth was analyzed from phase contrast images (>20 per sample) of cells 
growing on ATQD-RGD and TCP substrates at the designated time points. The public-
domain imaging software “Image J” was used to measure the neurite length of PC 12 
cells in our pictures, assessing the length of the neurites from the cell body to the furthest 
tip of the extension. 
4.2.5. Statistics 
The number of independent replicates used for statistical analysis is listed 
individually for each experiment. Where appropriate, the data are presented as mean ± 
standard deviation (SD). Student’s t-test was used to analyze the statistical variability of 
the data, with p < 0.05 being statistically significant. 
  
4.3. RESULTS AND DISCUSSION 
4.3.1. Physiochemical Properties of Novel Electroactive Silsesquioxane Precursor, 
ATQD  
In this paper we describe, for the first time the synthesis of an oligomeric analogue of 
conducting polyaniline, the novel electroactive ATQD. We hypothesize that this novel 
compound might possess several properties, which, by comparison to its macromolecular 
counterparts, might render ATQD advantageous for tissue engineering applications (see 
Scheme 4-2).  
• ATQD contains useful heterobifunctional end groups, one for anchoring onto 
(negatively) charged substrates (in this case glass) and the other one available 
for covalent grafting of (positively charged) biomolecules, such as amino 
acids or phospholipids. Hence, ATQD can be considered as a new 
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electroactive model compound for other aniline oligomers providing a wide 
range of potential biomedical applications as scaffold materials. 
• Rather than forming horizontal film surfaces, the self-assembly of the 
electroactive oligomeric aniline chains is stabilized by inter-molecular 
hydrogen bonding resulting in an orientation perpendicular to the surfaces 
and, hence, facilitation of cell attachment to the functionalized three 
dimensional substrate.  
• Aniline oligomers can be tailored to exhibit improved processibility and 
biodegradability, 54  while maintaining a well-defined structure and 
electroactivity during the bio-modification.  
• Since bioactive peptide motifs, such as cyclic RGD, are grafted as a final step 
onto self-assembled monolayers (SAMs), seeded cells will be in direct contact 
with bioactive peptide sequence on the outer surface. Unlike linear peptides, 
cyclic RGD exhibits greater structural stability and higher flexibility in 
functionalization via the lysine residues, 55  resulting in improved 
biocompatibility.  
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Scheme 4-1. Synthesis and purification of ATQD 
As described in the synthesis pathway (Scheme 4-1), the solid product obtained via 
the one-step isocyanato-amine coupling reaction between equivalent moles of EBAT and 
TESPIC yielded the desired compound, ATQD, as well as the by-product, N,N’-bis(4’-(3-
triethoxysilylpropyl-ureido)phenyl)-1,4-quinonenene-diimine (TSUPQD). Hence, it was 
essential to purify ATQD from the crude product, prior to any further characterization 
and processing/functionalization. When using silica gel column chromatography, the 
second, dark pink fraction was identified as pure ATQD, which is actually the 
‘intermediate’ product between TSUPQD and EBAT; this result is consistent with the 
preliminary examination of the crude product by thin layer chromatography (Figure 4-2). 
The molecular structure of ATQD was characterized by 1H- and 13C-NMR 
spectroscopy (Figures 4-3 and 4-4) in DMSO-d6 with TMS as internal standard and 
mass spectrometry. The NMR peak assignments are listed in Table 4-1. The impurity 
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peaks observed in both NMR spectra can be attributed to residual solvents, n-hexane and 
ethanol. In addition, mass spectra of TSUPQD were recorded using fast atom 
bombardment (FAB) ionization (Figure 4-5, Table 4-2). In the low-resolution mode, the 
peak at 537.07 m/z represents the ATQD emeraldine salt form (M+2H+), while in high 
resolution mode, the exact mass was determined to be 537.2752 m/z, based on the mass 
calibration standard compound polypropylene glycol. The calculated mass and the as-
deduced elemental composition of ATQD are in good agreement with the expected 
ATQD molecular formula, C28H39N5O4Si. 
The optical absorption spectra (Figure 4-6) of ATQD, EBAT and TSUPQD in 
ethanol show a typical broad quinoid (Q) absorption peak centered at ca. 520-590 nm and 
a narrower benzenoid (B) peak centered at ca. 330-340 nm. Both these peaks are 
routinely observed for the EB form of polyaniline derivatives. Similar as for polyaniline, 
the Q peak is associated with the excitonic transition of πb-πq from the benzene unit to the 
quinone unit, while the B peak results from a π-π* transition in the benzene unit.56 The Q 
peak exhibits a noticeable blue shift while the Q/B intensity ratio decreases with the 
degree of modification from EBAT (Figure 4-6, curves b and c), suggesting that the 
enhanced conjugation arising from covalent modification by ureido groups leads to 
stronger electronic resonance. Therefore, the peak position (Q= 550nm) and relative band 
intensity (Q/B=1.05) of mono-functionalized ATQD (Figure 4-6, curve b) are 
intermediate with regard to those values for TSUPQD and EBAT. 
The cyclic voltammogram of ATQD, recorded in a non-aqueous solution of MeCN 
containing 0.1 M Et4NBF4 and 0.05M MeHSO4 (Figure 4-7), is, as expected, essentially 
similar to the voltammogram of the acid-doped form of polyaniline.57 The first two pairs 
of the well-defined redox peaks at 320mV and 440mV represent, respectively, the 
removal/addition of 1 electron each, and can be attributed to the reversible redox process 
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from the “leucoemeraldine’’ to the ‘‘emeraldine’’ form (Figure 4-7a). Moving 
progressively to higher potentials, two reversible redox peaks with formal potentials of 
650 mV and 740 mV can be observed, each of which represents the removal/addition of 1 
electron. These are assigned to the oxidation/reduction of the “emeraldine” form to the 
“pernigraniline” form and correspond to the non-substituted end of the ATQD (Figure 4-
7b). At even higher potentials (~ 950 mv), another pair of peaks is observed that also 
represent the oxidation/reduction of the “emeraldine” to the “pernigraniline” form but 
correspond to the substituted end of the aniline trimer moiety (Figure 4-7c). These well- 
defined redox peaks represent the removal/addition of 2 electrons. The electron- 
withdrawing ureido group of TSUPQD causes the redox peaks of the substituted end 
group to be shifted anodically and makes them discernible from the redox peaks of the 
non-substituted end group.  
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Scheme 4-2 Fabrication of biocompatible electroactive ATQD-RGD SAMs 
4.3.2. Surface Characterization of Novel Electroactive ATQD-RGD SAMs 
Our strategy (Scheme 4-2) employs the immobilization of bioactive peptides onto the 
electroactive substrates in order to render them biocompatible. Some of these peptides 
can serve as cell surface receptors-recognizable sequences (RGD). The chemical 
functionalization of the surface was technically achieved via the self-assembly of our 
novel organosilane, ATQD, on the silanolized surface, which occurred due to the 
hydrolysis of ethylortho groups and the condensation reactions that lead, in turn, to the 
formation of strong Si-O-Si bond. A chemical crosslinker, glutaraldehyde58, was then 
utilized, which at one end covalently bound to the prosthesis surface and the other end to 
the bioactive molecules. As detailed in the experimental section, the RCA process can 
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effectively activate the glass surface generating silanol groups, while removing potential 
hydrophobic contaminants. This curing process has to be fine-tuned on a case-by-case 
basis in order to obtain optimal SAMs. 
Shown in Figure 4-8 are typical AFM images, which reveal the correlation between 
exposition to the ATQD solution and the resulting SAMs on the glass surface. As the 
freshly washed silicon surface appears ultra-flat (Figure 4-3a), the morphology of SAMs 
after ATQD treatment is easily distinguishable from that of the background. As seen in 
Figures 4-8b – 4-8d, the thickness and complexity of the ATQD layer increased with 
increasing exposure time, until after 24 h exposure, a densely packed layer was formed. 
The ATQD surface coverage is quite uniform in the height and amplitude. An AFM 
height profile for 24 h modification (Figure 4-8e), exhibited a mean height of 3.0 nm. 
Nevertheless, as seen in Figure 4-3d, a few larger chains can also be found on the edge 
of the scanning region (2 x 2 μm). A plausible explanation is that these spots might 
reflect a few residual defects or organic contaminants on the glass surface. Upon the 
binding of cyclic RGD, the average height has a slight increase to 3.8 nm, indicating the 
presence of the ‘umbrellas’ on the outer surface (Figure 4-8f).  
The degree of surface modification/functionalization with ATQD was evaluated 
quantitatively by examining the amount of the free aromatic amine groups using a biotin-
labeling method, described in detail in the Experimental Section. As seen from the 
kinetics of surface modification (Figure 4-9), the content of ATQD increases sharply 
after 6 h (14.9 ± 0.21 10-7mmol/sample; n=3) and gradually reaches saturation within 24 
h (25.5 ± 0.31 10-7mmol/sample; n=3). Although more ATQD might still be covalently 
bound to the surface with longer treatment, the homogeneous SAMs formed within 24 h 
should suffice for the subsequent peptide binding of peptide and biocompatibility studies.  
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We also conducted FTIR (Figure 4-10) to show the characteristic peaks of the amino 
acids in RGD to further prove the attachment of RGD onto the ATQD surfaces. The shift 
of the broad vibrational bands from the original ca. 3400 cm-1 to ca. 3300 cm-1 is  
associated with the conversion of the aromatic amine (-NH2) in the aniline trimer into the 
imine (-NH) group and incorporation of the amide (-NH-CO-) moieties from RGD 
oligopeptide. Importantly, the presence of the stronger carbonyl band at ca. 1700 cm-1 
also supports the new appearance of amide groups from covalently grafted amino acids. 
4.3.3. Cell Adhesion 
In order to validate the usefulness of ATQD for tissue engineering applications, we 
first tested its biocompatibility to ascertain that, at the minimum, this novel material will 
promote cell adhesion/proliferation and function in vitro.  
To determine PC12 cell adhesion to ATQD modified surfaces the numbers of adhered 
cells were determined both by manual cell counts and using the alamar blue (AB) assay. 
Shown in Figure 4-11 is the kinetics of cell attachment, represented as the average 
percentage of attached cells to total number of seeded cells. About 45% of the seeded 
cells were attached to RGD-ATQD substrates within 2 h. By 12 h, approximately 85% of 
the seeded were attached; attachment plateaued thereafter reaching a maximum of 90% 
after 24 h.  
Importantly, the percentage of PC12 cells attached after 2 hours to the RGD-ATQD 
surface (46 ± 2.1%; n=3) was always significantly (p < 0.01) higher than the control non-
derivatized ATQD surface (34 ± 1.7%; n=3), suggesting that the attachment of PC12 
cells can be significantly improved by the covalently conjugated RGD moiety.  
Our initial results on cell adhesion were further validated using a biochemical (AB) 
assay (Figure 4-12).  The kinetics of cell attachment obtained in the AB assay are in 
reasonable agreement with the result from those in manual counting, indicating that 12 h 
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could be deemed as the sufficient time for PC12 cell adhesion to the a RGD-ATQD 
modified surface.  
4.3.4. Cell Proliferation for Long-Term Biocompatibility 
Proliferation of PC12 cells on ATQD-RGD surfaces was compared to that on four 
reference substrates: tissue-cultured treated polystyrene (TCP), untreated glass, ATQD, 
and ATQD-Glutaraldehyde (ATQD-Glu). All data were normalized to the AB 
fluorescence reading at day 1, and the optimal seeding density was determined to be 
50,000 cells/well. As seen from the normalized data (Figure 4-13), attaching the RGD 
motif significantly improved cell adhesion to and proliferation on the electroactive 
ATQD-RGD surface. Population doubling times of PC12 growing on the “gold 
standard”, TCP (PD=2.20 ± 0.15 days) and the RGD - modified ATQD (PD=2.30 ± 0.12 
days) were essentially identical (P>0.88). Cell proliferation on ATQD and ATQD-Glu 
(P<0.01) was significantly slower (PD=2.83 ± 0.15 days and PD = 3.37 ± 0.22 days, 
respectively), probably due to the poor cell adhesion to these substrates (Figure 4-14). 
This finding confirms our previous results that demonstrated moderate biocompatibility 
of PANI–coated surfaces for PC12 cells, which was significantly enhanced by grafting 
(through a chlorometylation approach) adhesive peptides.9 On the other hand, the 
biocompatibility of PANI may be cell-type dependent, since, for example, H9c2 
cardiomyocytes adhered and proliferated well on unmodified doped PANI surfaces.19 The 
biocompatibility of ATQD-modified conductive surfaces for other cell types remains to 
be tested.  
4.3.5. Cell neuronal Differentiation and Morphology Study 
The effects of the surface modifications on functional differentiation of PC12 cells 
towards the neuronal phenotype were explored using fluorescence and phase-contrast 
microscopy. Control glass substrates and TCP substrates were pre-treated with 
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glutaraldehyde and RGD solutions for a parallel comparison. The time course of PC12 
cell differentiation seeded on the various substrates in the absence or presence of 
exogenous NGF was assessed for up to 10 days, as detailed in the Experimental Section 
(Section 4.2). 
Remarkably, PC12 cells extended their neurites to different degrees on all 
electroactive substrates, but not on TCP, in the absence of NGF (Figure 4-15). When 
grown on ATQD-RGD derivatized surfaces, the cells produced longer neuritis, which 
eventually formed the intricate network (Figure 4-15d). After 6 days, image analysis 
illustrated a statistically pronounced increase (P<0.05) in the number of neurites/cell and 
mean neurite length (Figure 4-15B) for each of the electroactive substrates. Throughout 
the study, the mean length of spontaneous PC12 neurite extension in the absence of NGF 
increased steadily over the duration of the experiment, with ATQD-RGD being the most 
neuritogenic surface. On day 10, cells cultured on ATQD-RGD extended 3.6 ± 0.3 
neurites on the average with a mean neurite length of 29 ± 2.7 μm (Figure 4-15A-d). By 
contrast, there was no observed neurite extension for cells grown on the unmodified glass 
substrates (Figure 4-15A-a).  
As expected, NGF induced significant neurite extension on all surfaces studied 
(Figure 4-16A). Analysis of the neurite-length showed a pronounced increase in mean 
neurite number and neurite length of PC12 cells grown on the ATQD-RGD modified 
surfaces as compared to the spontaneous neuritogenesis discussed above (Figure 4-16B). 
On day 10, nearly 40% PC12 cells grown on the ‘bare’ ATQD-RGD substrates have 
neurite length in the range of 21-30 μm, whereas the addition of NGF essentially doubled 
the mean length of the neurites (Figure 4-16B).  Instead of extending individual neurites 
only from the periphery of ganglion-like PC12 clumps, NGF induced the formation of 
complex, branching neuronal networks and consequently resulted in the increase of the 
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mean neurite number from 3.4 ± 0.5 to 4.5 ± 0.6. As compared to the control TCP 
pretreated with RGD under the same condition, PC12 cells exhibit the remarkable 
preference for the ATQD modified surfaces. In line with reports by others (e.g., Fujita et 
al., 1989)5, only approximately 35% of our PC12 cells seem to respond to NGF 
stimulation by extending few neurites, when cultured for 6 days on TCP (Figure 4-17). 
By contrast, during the same time period, some 83% of the cells cultured ATQD-RGD on 
developed multiple branching axons (Figure 4-17a).  
These data, confirm and extend our previous observations, in which we demonstrated 
that PC12 cells spontaneously extend neurites on conductive PANI surfaces modified 
with the laminin-derived adhesive peptide YIGSR in the absence of NGF.9,15 Since the 
cell binding motives of RGD and YIGSR by themselves lack neuritogenic activity,59 we 
conclude that the electroactivity from the novel substrates may contribute to the cell 
differentiation as an effective stimulus. These results are also in line with recent 
observations, that electroactive surfaces, in the absence of electrical stimulation enhance 
the differentiation of embryonic stem cells towards the cardiac phenotype (Bidez et al., 
manuscript in preparation). Taken together, our results provide evidence that 
electroactive surfaces may have intrinsic differentiative properties, which may be 
desirable and useful for engineering excitable tissues, such as neurons and muscle.  
 
4.4. CONCLUSION 
Novel biomaterials that can structurally mimic ECM and enhance the interactions 
with anchorage-dependent cells are highly critical in providing the optimal environment 
for the appropriate maintenance of cell structure and function maintenance in vitro. 
Therefore, we synthesized a novel electroactive oligoaniline and constructed from it for 
the first time an electroactive heterobifunctional self-assembled monolayer, where one 
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side was covalently bound to the substrate surface and the other was modified with a 
bioactive RGD motif for improved biocompatibility. This strategy resulted in more direct 
cell-biomaterial interactions, in which the cells are effectively surrounded by bioactive 
(RGD) peptide domains and, hence, respond preferentially to intrinsic proliferative/ 
differentiative cues of electroactive surfaces with desired patterns. Our work 
demonstrates that our novel electroactive surface can support the adhesion and 
differentiation of PC12 cells and, remarkably, that the intrinsic electroactive properties of 
the surface enhance neuritogenesis in the absence of neurotrophins. The novel 
electroactive self-assembled monolayers from ATQD can provide a platform for 
anchoring bioactive molecules or specific functional moieties for electrocatalytic 
application60 , bio-sensors61 , and optoelectronic devices,62  as well as for cardiac and 
neuronal tissue engineering.18-20 Future work will focus on investigating the mechanisms 
for the spontaneous neuritogenic effects of the electroactive surfaces, extend these studies 
to generating electroactive 3-D scaffolds, and include external electrical stimulation as a 
means to generating permissive matrices for neuronal bioengineering. 
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Figure 4-2. Separation of as-synthesized sample via thin layer chromatography. 
     
146 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-3. 1H-NMR spectra for ATQD 
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Figure 4-4. 13C-NMR spectra for ATQD 
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Figure 4-5. Mass spectrum for ATQD in high resolution 
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Figure 4-6: UV-Vis spectra of (a) emeraldine-base aniline trimer, (b) ATQD and (c) 
TSUPQD. Solvent: ethanol (EtOH). All three compounds were purified before 
characterization and measured under same concentration 
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Figure 4-7: Cyclic voltammogram of ATQD in acetonitrile containing 0.1 M Et4NPF6 
and 0.77 M MeHSO4. The scan rate used was 60 mV/sec. 
 
     
151 
 
  
 (a)  (b)
 (c)  (d)
 (e) 
 (f) 
Figure 4-8. AFM tapping-mode images of the ATQD SAMs at 
various time courses. (a) 0 h; (b) 1 h; (c) 6 h; (d) 24 h. a-d are height 
images of 2μm scan. e shows a height profile and a top-view image of 
ATQD-SAMs at 24 h. (f) shows a height profile and height image of 
1μm scan for ATQD-RGD SAMs. 
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Figure 4-9 Quantization evaluation of ATQD SAMs via biotin-labeling method at 
various time points. 
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Figure 4-10. IR spectra of ATQD and ATQD-RGD monolayers 
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Figure 4-11. Cell attachment study. Attachment comparison between glass control and 
ATQD-RGD via manual counting. Data are expressed as means ± SD, n=3. 
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Figure 4-12. The increment of attached cells on ATQD-RGD via AB assay and the data 
were normalized to the AB fluorescence reading at 24 h. Data are expressed as means ± 
SD, n=3. *: p<0.01; **: p<0.05, values are significantly different from those at 24 h. 
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Figure 4-13. PC12 cell proliferation on various substrates over a 13 day time course. (A) 
Cell proliferation / metabolic activity were evaluated using the Alamar Blue (AB) Assay. 
(B) Chart of cell growth rate and population doubling time over the exponential phase. 
The data were normalized to the AB fluorescence reading at day 1. Data are expressed as 
means ± SD, n=3. 
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Figure 4-14. PC12 cell proliferation on various substrates over a 13 day time course. Cell 
proliferation / metabolic activity were evaluated using the Alamar Blue (AB) Assay. The 
data were normalized to the AB fluorescence reading at day 1. Data are expressed as 
means ± SD, n=3. *: p<0.01; **: p<0.05, values are significantly different from those on 
ATQD-RGD substrates at day 13. 
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Figure 4-15. (A) Visualization of PC12 neurite outgrowth by the fluorescence 
micrographs for the substrates (a) glass; (b) ATQD; (c) ATQD-Glu; (d) ATQD-RGD on 
day 10. (B) The trend of neurite outgrowth in the terms of mean neurite length and mean 
neurite number/cell on day 10. Data are expressed as means ± SD, n=3, images >20. 
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Figure 4-16. (A) Phase contrast images of PC12 cells morphology for (a) TCP; (b) TCP 
with NGF; (c) ATQD-RGD and (d) ATQD-RGD with NGF on day 10, respectively. (B) 
Neurite length distribution chart for ATQD-RGD substrates with and without NGF. 
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Figure 4-17. Phase contrast images of PC12 cells morphology for (a) TCP (b) TCP+NGF 
(c) ATQD-RGD and (d) ATQD-RGD + NGF in day 6. 
 
     
161 
 
 
 
 
 
 (a) 
 
 (b) 
 
 
Figure 4-18. SEM micrographs of differentiated PC12 cells on (A) glass 
substrates and (B) ATQD-RGD substrates in day 10. 
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     Table 4-1. 1H-NMR and 13C-NMR spectra explanations 
 
 
 
 
 
 
1H-NMR 
δ= 8.35 (singlet for one H in -(C=O)- NH- close to aromatic ring); δ= 7.70, 
7.45, 7.20, and 6.88 (multiplet for 12 allyl H from aniline trimer); δ= 6.10 
(triplet for one another urea H); δ= 5.40 (singlet for two aromatic amines); 
δ= 3.80 (multiplet for 6 ethylene H in -SiOCH2CH3-); δ= 3.05 (multiplet for 
2 ethylene H close to amine group in -CH2CH2NH-); δ= 1.48 (multiplet for 
2 middle ethylene H in -CH2CH2CH2-); δ= 1.25 (triplet for 9 methyl H in -
SiOCH2CH3-); δ= 0.56 (multiplet for 2 ethylene H close to silica in -
CH2CH2CH2Si-). 
13C-NMR 
δ= 66.2, 31.0 (-SiOCH2CH3-); δ= 41.2, 24.0, 8.1 (-CH2CH2CH2-). δ= 164.5 
(C=O); δ= 154.8, 154.0, 149.0, 148.2, 147.0, 146.2, 139.2, 138.4, 129.5, 
128.8, 119.2, 118.0 (aryl C) 
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Table 4-2. Elemental composition 
for emeraldine salt of ATQD* deduced from mass spectra 
 
 
 
 
 
 
 
 
Exp.Mass Calc.Mass mDa PPM C H N O Si 
537.2752 537.2771 1.9 3.6 28 39 5 4 1 
 
*Exp. Mass, experimental mass; Calc. Mass, calculated mass; mDa, absolute error in 
milidaltons; PPM, relative error in parts per million. 
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Chapter 5: Electrospinning polyaniline-contained gelatin 
nanofibers for tissue engineering applications 
 
5.1. INTRODUCTION 
5.1.1. Fibrous Scaffolds in Tissue Engineering 
For tissue engineering applications, the nano- or micro- fiber mats produced from 
biodegradable polymers could physically mimic the structural dimension of the 
extracellular matrix (ECM) of various native tissues and organs. So far, the fiber-based 
porous scaffolds have been generated from numerous natural or synthetic biopolymers, 
such as lyophilized elastin-collagen1, accellularized aortic elastin and collagen2, poly(ether-
ether-ketone)/-hydroxyapatite biocomposites 3 , and chitosan (CS)-based materials 4 . All 
these scaffolds are biocompatible, and enhance cell in vitro growth. One significant feature 
of the fibrous biomacromolecules is the nanoscaled dimensions of their physical structure 
with diameters ranging from several ten to several hundred nanometers. The nonwoven 
meshes formed by entangled nanofibers provide the necessary tensile strength and elasticity 
for the tissues. 5  
Furthermore, it was found that nanoscaled features could influence cellular behaviors.6 
Human cells are well known to attach to and organize well around fibers with diameters 
smaller than those of the cells.7 For example, enhanced neural cell adhesion and differential 
activity were observed on a three-dimensional network of nanofibers formed by self-
assembled peptide amphiphiles8, whereas carbon nanofibers have been reported to facilitate 
the osteoblast cell growth.9  
5.1.2. Electrospinning Nanofibers 
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With the simplicity and vivid similarity to native protein fibers, the polymeric nano-
fibrous products prepared from electrospinning can be considered as ideal candidates in the 
field of biomaterials. It has been reported that various biodegradable synthetic 
polymers10,11, peptide copolymers12, and natural proteins13,15 have been fabricated into 
micro/nanofibers via electrospinning process for a multitude of biomedical applications 
such as scaffolds used in tissue engineering16, 19, wound dressing20, drug delivery21, and 
vascular grafts 22.  
Electrostatic spinning or electrospinning is now known as the unique process to create 
nanofibers through an electrically charged jet of polymer solution or polymer melt. 
Invented by Formhals in early 30s of twentieth century23, this technology involves a simple, 
rapid, inexpensive method, in which a polymer solution in a variety of different possible 
common solvents is placed in hypodermic syringe or in a glass pipette, at a fixed distance 
from a metal cathode.  The grounded metal cathode plate acts as a source for the deposition 
of fibers. Then, an electric field is generated between the capillary tube tip containing the 
polymer solution and the grounded collecting plate. When voltage applied between the 
anode and cathode reaches a critical value, the charge overcomes the surface tension of the 
deformed drop of the polymer solution on the tip of the syringe and a jet is produced. Since 
all polymer molecules bear the same (positive) charge, they repel each other while 
traveling in air. At the same time, the solvent evaporation occurs rapidly. Under 
appropriate conditions, dry and nano-scale fibers accumulate on the surface of the cathode. 
(Figure 5-1) 
There are several parameters that influence the morphology of the electrospun fibers, as 
well as the thickness of fiber mats. 
(a) Physical properties of solution: The viscosity and surface tension of the 
spinning solution should be adequate to allow the polymer solution to drip from 
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the pipette without preventing the jet formation. The viscosity of a solution is 
a measure of resistance to flow and can be controlled either by the molecular 
weight of the solute or the concentration of the spinning solution. Surface 
tension is defined as the force acting at right angles to any line of unit length on 
the liquid surface. Generally, surface tension is crucial in controlling the 
formation of droplets, bead and fibers during an electrospinning process. 
Beads-free fibers could be obtained from electrospinning a solution having low 
surface tension at lower electric field. Furthermore, the increasing electrical 
conductivity of the solution could cause sufficient elongation of a jet and 
consequently lead to a significant drop in the diameter of the electrospun fibers.  
(b) Processing condition: The typical process parameters of electrospinning 
include applied electrical potential, distance between the capillary and 
collection plate, ambient parameters (e.g., temperature, humidity, and air 
velocity in the chamber), and motion of target screen (e.g., high speed rotating 
cylindrical collectors). When all other variables hold constant, an increase of 
applied voltage results in a higher mass flow rate and is favorable for thinner 
fiber formation. It was reported that any voltage above 6 kV is enough for 
distorting the drop of the spinning solution at the tip of the pipette to afford a 
Tayler Cone during jet initiation.24 Another key factor to maintain a steady 
Tayler Cone is the feed rate, which is capable of inducing the substantial 
changes on the morphological structure. Additionally, when the spinning 
distance is changed, the time of the jets in air either increases concurrently to 
obtain the thin fibers or decreases to yield wet and thick fibers.  
5.1.3. Electrically Conductive Nanofibers for Tissue Engineering Application 
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Since their discovery some 30 years ago, electrically conductive polymers, also known 
as “synthetic metals”, are finding an increasing number of applications in many areas of 
applied chemistry and physics, such as light emitting diodes25. More recently, there is a 
growing interest in conductive polymers also for diverse biomedical applications, including 
for tissue engineering. We, like others, have based our rationale for using conductive 
polymers on the hypothesis that  a multitude of the cell functions, such as attachment, 
proliferation, and migration and differentiation, could be modulated through electrical 
stimulation26 . Common classes of organic conductive polymers include polyacetylene, 
polypyrrole (PPy), polythiophene, polyaniline (PANI), and poly(para-phenylene vinylene). 
Some of these conductive polymers, especially PPy, have found some intriguing 
biomedical applications, such as for the synthesis of nanoparticles27, immobilization of 
proteins28, and coating devices with PPy materials29. Schmidt and her coworkers were the 
first ones to employ PPy for tissue engineering purposes, demonstrating that electric 
stimulation enhanced NGF induced neuronal differentiation of PC 12 cells30. Subsequently 
the same group also functionalized the surface of chlorine-doped polypyrrole to anchor 
peptide molecules that promote nerve regeneration, blood vessel growth or other biological 
processes31. Lakard et al. cultured olfactory cells on PPy to investigate cell adhesion and 
proliferation32. George et al., examined PPy biocompatibility and found neurons and glial 
cells enveloped the PPy implant33. Several other scaffolds containing PPy have been used 
for a variety of other applications of tissue engineering34, 35. 
By comparison, only few groups have considered polyaniline (PANI), one of the 
otherwise most studied organic conducting polymers, as potential conductive substrates for 
tissue engineering applications36,37. In the past two decades the ability of varying oxidative 
state has allowed the conducting polymer PANI to be studied in a wide range of research 
fields, such as corrosion protection of metals38, as substrates for light-emitting devices39 or 
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as the electrode in a battery40. It is only quite recently that the tunable electroactivity of 
PANI has been explored in the realm of diverse biological applications such as for 
biosensors41 or as scaffolds in tissue engineering42. Mattioli-Belmonte et al. were the first 
ones to demonstrate that PANI is biocompatible in vitro and in long-term animal studies in 
vivo43. Nevertheless, most groups have investigated the biological properties in the form of 
films, instead of nanofibers. Díaz et al, reported that doped, conductive PANI blended with 
polystyrene (PS) and/or polyethylene oxide (PEO) could be electrospun yielding 
nanofibers44. In this chapter, we describe our study of electrospinning a novel blend of 
conductive camphorsulfonic acid-doped emeraldine PANI (C-PANI) and gelatin and 
provide detailed investigations of the ensuing submicron-sized fibers. Gelatin is a 
frequently used biomaterial for tissue engineering applications, especially in cardiac tissue 
engineering 45 , 46 . Our data indicate that the addition of PANI to gelatin results in 
homogeneous electrospun fibers and that with increasing PANI concentration, the fiber size 
is reduced from approximately 800 nm to less than 100 nm concomitant with an increase in 
the tensile modulus of fibrous scaffolds. H9c2 rat cardiac myoblast cells were selected and 
cultured on these fibrous substrates, in view of our long-term goal to generate scaffolds for 
engineering cardiac tissues in vivo. Cell culture results demonstrated that PANI-gelatin 
blend fibers are biocompatible, supporting cell attachment and proliferation. 
 
5.2. MATERIALS AND METHODS 
5.2.1. Materials  
Polyaniline (PANI, emeraldine base, Mw 100,000), gelatin (bovine skin, type B powder, 
Bloom number 225), and camphorsulfonic acid (CPSA) were purchased from Sigma-
Aldrich. For electrospinning, both PANI and gelatin were dissolved in 1,1,1,3,3,3 
Hexafluoro-2-Propanol (HFP, Sigma-Aldrich). The non-zero cross-linker 1-Ethyl-3-[3-
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dimethylaminopropyl] carbodiimide Hydrochloride (EDC) was purchased from PIERCE. 
All cell culture media and supplements were from Hyclone, disposable tissue culture 
supplies were from Fisher. 
5.2.2. Electrospinning 
Immediately before electrospinning, 15 mg emeraldine base PANI and 15 mg CPSA 
were dissolved in 5 ml HFP with stirring at room temperature for 1 hour, followed by 
filtering through a regular qualitative filter paper (Whatman). Similarly, 800 mg gelatin 
powder was dissolved in 10 ml HFP with stirring and heating at 50 °C for 3 hours. Thus, 
the concentration of the pure CPSA-PANI solution was 3% (w/v) and of pure gelatin 
solution 8% (w/v). Samples for electrospinning were then prepared by mixing two 
solutions at volume ratios of PANI to gelatin at 15:85, 30:70, 45:55, and 60:40. The 
calculated concentrations for each of the components in the various samples are listed in 
Table 5-1. For convenience, all descriptions are expressed in volume ratios in the 
following sections. Electrospinning was carried out with the high voltage power supply 
(ES30-0.1P, Gamma High Voltage Research, Inc.) set at 10 kV with an air gap distance of 
10 cm as previously described 14. Depending upon the intended use, PANI-gelatin blend 
fibers were collected as ~ 0.2-mm to ~ 0.5-mm thick mats either on microscope glass slides 
(Fisher) for fiber morphological characterization or on 15-mm diameter circular glass 
covers (Fisher) for cell culture assessment; those fibers were electrospun into ~ 0.5- mm to 
~ 1-mm thick mats for mechanical testing. 
5.2.3. Crosslinking  
For cell cultures, electrospun PANI-gelatin blend fibers were crosslinked with 0.2% 
EDC in 90% ethanol for up to 2 hours at room temperature. Upon crosslinking, the fibrous 
scaffolds were sterilized in 70% ethanol for 1 hour followed by 3 rinses with distilled water 
(dd H2O) and soaked overnight in 1x phosphate buffered saline (PBS). The degree of 
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crosslinking was determined using 2,4,6-trinitro-benzensulfonic acid (TNBS, Sigma) as 
describe by Sheu et al 47 and Simmons et al 48. In brief, to a sample of  2–5 mg of the cross-
linked PANI-gelatin scaffold, 1 ml of 4% (w/v) NaHCO3 solution (pH 8.5) and 1 ml of 
freshly prepared 0.5% (w/v) TNBS solution in distilled water were added. After allowing 
the reaction to proceed for 2 hrs at 40°C, 2 ml of 6 N HCl were added, and the temperature 
was raised to 60°C. Solubilization of PANI-gelatin was achieved within 90 min. The 
resulting solution was diluted with 4 ml of dd H2O, and the absorbance was measured with 
a Spectronic Spectrophotometer (BioMate, Thermo Electron Corporation). The degree of 
crosslinking was expressed as percent of loss in free primary amino-group after 
crosslinking. The degree of crosslinking was calculated as follows:  
Degree of cross-linking (%) = 1−(absorbances/masss)/(absorbancen/massn)                  
(1) 
where the subscripts s and n denote the sample and non-crosslinked gelatin, 
respectively. 
5.2.4. Cell Culture 
In view of our long-term goal of generating scaffolds for cardiac tissue engineering, we 
used H9c2 cardiac rat myoblast cells (ATCC CRL-1446; American Type Culture 
Collection, Rockville, MD, USA) for studying cell attachment to and proliferation on 
PANI-gelatin blend fibers. H9c2 cells were grown in Dulbecco's Modified Eagle's Medium 
(DMEM) with 4.5 g/L glucose, 4 mM L-glutamine, 25 units/mL penicillin/streptomycin 
(Cellgro, Herndon VA), and 10% fetal bovine serum (Hyclone, Logan UT) under standard 
culture conditions (37°C, 5% CO2). Mats (~0.2 mm in thickness) of blend fibers with 
different ratios of PANI and gelatin were electrospun on circular 15 mm glass coverslips. 
Then fibers were crosslinked and the substrates were secured in 24-well culture plates 
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using Viton O-rings (Cole-Parmer)49. Before seeding cells, fiber scaffolds were soaked in 
complete DMEM medium for another 3 hours. 
Cell attachment and proliferation were measured with a continual fluorescence assay, 
using AlamarBlue™ (AB, Biosource, Alameda, CA)50. H9c2 cells were seeded onto the 
various fibrous PANI-gelatin scaffolds, control glass cover slips, and TCP surfaces at a 
density of 10,000 cells/well. Following overnight attachment in complete DMEM in a 
tissue culture incubator, supernatants were removed, and 1.5 ml fresh complete DMEM 
containing 5% (v/v) AB was added into each well.  After another 4 hours of incubation, 
triplicate 100-µl aliquots of the AB-containing medium were removed from each well for 
fluorescence measurement. Subsequently the cells were re-fed with fresh medium without 
AB.  For continual assessment of cell proliferation, the AB assay was performed every 
other day on the same cell population for up to 6 days until the cells reached confluence. 
For each well the data were normalized to the initial AB fluorescence readings at day 0 
(taken 12 hours post plating). 
5.2.5. Microscopy 
For cytological assessment, samples were fixed with 10% buffered formalin for 1 hour 
at room temperature and then left overnight in PBS at 4 ºC. The samples were washed once 
with 1x PBS, and the cells permeablized for 15 min in 0.2% Triton-X 100 (Sigma) in PBS 
(Cellgro). Following a gentle wash in PBS, the samples were incubated for 15 min in PBS 
containing 2 μg/mL Hoechst 33258 (Bis-benzimide, Sigma), a nuclear stain, and 1 μg/mL 
rhodamine-phalloidin (Phalloidin TRITC-labeled, Sigma), a specific stain for 
microfilaments. Samples were visualized on a Leica DMRX microscope equipped with the 
appropriate fluorescence filters. Digital images were acquired using a Leica 300F camera. 
To assess the ultrastructure of H9c2 cells cultured on various PANI-gelatin blend fibers, 
samples were fixed with 2.5% glutaraldehyde for 1 hour at room temperature and then left 
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overnight in PBS at 4 ºC. The samples were washed with PBS, and dehydrated in 15%, 
30%, 50%, 70%,  85%, 95%, and 100% (twice) graded ethanol for 10 min each followed 
by drying in a critical point dryer (CPD, SPI CPD 7501, West Chester, PA). The dry 
samples were sputter coated with Pt, and visualized with a scanning electron microscope 
(SEM, XL-30 Environmental SEM-FEG). For each digital electron micrograph, the 
average fiber diameters at different ratio of PANI to gelatin were calculated using 
UTHSCSA ImageTool 3.0 imaging software, measuring approximately 10 fibers per 
image. A total of 3-4 images from independent preparations were evaluated.  
5.2.6. Microtensile Test 
The tensile properties of electrospun PANI-gelatin composite fibrous scaffolds were 
characterized by a Kawabata Evaluation System (KES-G1, Kato Tech Co., Japan) using 
routine mechanical testing methods for fabric materials, as previously described 14.  
5.2.7. Conductivity Analysis 
Conductivity of gelatin fiber and PANI-gelatin blend fiber-covered substrates were 
measured using a 4-probe technique (Model 173 Potentiostat/Galvanostat), in which two 
pairs of contacts are used to measure the conductivity.  
5.2.8. Differential Scanning Calorimetry (DSC) 
The thermal properties of the pure gelatin and PANI-contained gelatin were studied by 
Differential Scanning Calorimetry (DSC, TA Instruments DSC Q100), using 10 mg of the 
various electrospun materials. All measurements were performed under nitrogen 
atmosphere at a heating rate of 10˚C/min. All experiments were performed twice, yielding 
similar results. 
5.2.9. Statistics 
The number of independent replicas is listed individually for each experiment. Where 
applicable, all data are expressed as mean ± standard deviation. Linear regression analysis, 
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Student’s t-test, and single factor ANOVA were used for parameter estimation and 
hypothesis testing, with p<0.05 and p<0.01 considered as being statistically significant.  
 
5.3. RESULTS AND DISCUSSION 
5.3.1. Morphology of PANI-gelatin Blend Fibers 
Fibers were electrospun from pure gelatin and the other four sets of PANI-gelatin blend 
fibers with volume ratios of PANI to gelatin solution of, 15:85, 30:70, 45:55, and 60:40. 
Figure 5-2 shows SEM micrographs of gelatin fibers electrospun from pure gelatin 
solution and the various PANI-gelatin blends. With increasing concentration of PANI in 
the solution, the fiber sizes decreased. As seen in Figure 5-3, a quantitative analysis of at 
least 30 fibers from 2-3 independent samples each indicates that the mean fiber size 
decreased from 803 ± 121 nm for pure gelatin fibers to 61 ± 13nm for 60:40 PANI-gelatin 
blend fibers.  Statistical analysis revealed that the fiber sizes with different volume ratios of 
PANI and gelatin are significantly different from each other (P<0.01). As also seen in 
Figure 5-3, the biggest decrease in the fiber size occurs when the PANI to gelatin ratio is 
increased from 30:70 to 45:55.  
In our previous studies on electrospun gelatin fibers, we found that reducing the 
concentration of gelatin solution significantly decreased fiber sizes. This conclusion was 
also validated here because increasing the volume ratio of PANI solution and decreasing 
the volume ratio of gelatin solution did reduce the total concentrations of PAN-gelatin from 
8% to 6.8%, 5.7%, 4.5%, and 3.4%. However, for pure gelatin fibers, the reduction of the 
gelatin concentration to less than 5% was accompanied by a significant formation of beads 
among the fibers, so the minimum size of continuous, bead-free gelatin fibers was around 
200 nm 14. For PANI-gelatin blend fibers the ensuing fibers were still continuous at the 
gelatin concentration of 3.4% (volume ratio of PANI to gelatin is 60:40) and fiber size was 
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< 100 nm, with occasional appearance of beads. Any further reduction in gelatin 
concentration induced significant bead formation We, therefore, conclude that when 
blended with PANI, the limit for the reproducible formation of continuous, bead-free fibers 
is at ~ 4%  (around v/v  ratio of 50:50).  
5.3.2. Determination of The Degree of Crosslinking 
As detailed in the Materials and Methods section (Section 5.2), the extent of 
crosslinking of PANI-gelatin fibers, was expressed as the percent loss in free primary 
amino-groups after crosslinking. In order to determine the optimal crosslinking time for all 
fiber scaffolds, we measured the time course of crosslinking for a single volume ratio of 
30:70 as representative for all our samples. As seen in Figure 5-4, the crosslinking degree 
increased sharply within the first 30 minutes to gradually reach saturation after 1 hour. 
While the maximum degree of crosslinking still might have increased with longer 
crosslinking times, we deemed 60 min as sufficient for subsequent cell culture experiments. 
5.3.3. Mechanical and Electrical Properties of PANI-gelatin Blend Fiber Sheets 
Gelatin and PANI-gelatin blend fibers were electrospun into ~1 mm thick fiber mats to 
measure their mechanical and electrical properties. Based on the strain-stress measurements 
of those fibrous scaffolds, tensile strength, elongation, and moduli were calculated (Table 
5-2). The tensile strength of the scaffolds increased with increasing PANI content, e.g. 
from 5.77±0.96 MPa for pure gelatin fibers to 10.49±0.96 for 45:55 ratio of PANI to 
gelatin. At the same time, the maximum deformation, elongation, of the scaffolds dropped 
from 0.69±0.33 for pure gelatin fibers to 0.09±0.03 for PANI-gelatin blend fibers with ratio 
of 45:55. The tensile modulus of a gelatin fibrous sheet is 499±207 MPa and then increased 
to 1384±105 MPa for 45:55 PANI-gelatin fibers. It can be concluded that increasing the 
concentration of PANI in the blend solution strengthens the electrospun blend fibers. This 
finding further confirms the integration of PANI into the fibers. In testing the elasticity of 
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the PANI-gelatin blend fibrous scaffolds, we observed that with addition of more PANI, 
the fibrous mats became less elastic.  
In addition to the mechanical properties, we also measured the conductivity of 
electrospun PANI-gelatin blends.  As shown in Table 5-3, the conductivity of a fibrous 
sheet made of pure gelatin is small (0.005 S/cm). With increasing the amount of PANI in 
the blend the conductivity of the sheets increased about four-fold. The modest, yet 
significant increase in conductivity with increasing PANI concentration is further support 
for the homogeneous incorporation of the conductive polymer into the electrospun blend 
fibers. As an organic acid, camphorsulfonic acid can protonate the emeraldine base of 
polyaniline to make it a polyelectrolyte and therefore provide optimal solubility necessary 
for electrospinning. The solvent used for camphorsulfonic acid-doped polyaniline 
emeraldine salt is the main factor to affect conductivity, which ranges from 0.1 S/cm in 
chloroform to 200-400 S/cm in m-cresol; m-cresol is been regarded to act as ‘secondary 
dopant’ to facilitate expanding the coil-like chains51,52. Although the effects of HFP on 
polyaniline emeraldine salt have not yet been studied, we surmise that this alcoholic 
solvent may work similarly to phenols, and thus optimize the conformation along the PANI 
chain. Although the electrical conductivity of the PANI-gelatin composite is much lower in 
comparison to the parent CPSA-doped PANI films cast from precursor solutions, these 
levels of conductivity are still adequate for studying the effects of electrical stimulation on 
cell growth and differentiation in vitro 36. 
5.3.4. Differential Scanning Calorimetry (DSC) Analysis of PANI-gelatin Fibers 
Differential Scanning Calorimetry, a widely used thermoanalytical technique, was 
employed to assess some of the physiochemical properties, such as endothermic or 
exothermic processes, and characteristics of the PANI-gelatin blend materials. The results 
of the DSC study further strengthen our notion that the doping of gelatin with a few % 
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PANI leads to an alteration of the physiochemical properties of gelatin. The differential 
heat flow curves for gelatin and PANI-gelatin blends are shown in Figure 5-5(a). As seen 
in Figure 5-5(b), the melting temperature Tm of the main endothermic transition of pure 
gelatin fibers was at 93.8°C. Doping the gelatin fibers with PANI resulted in a small but 
significant shift in Tm (to ~97.6°C). Importantly no phase segregation or secondary peaks 
are visible, suggesting that the resulting fibers are homogenous albeit with slightly altered 
melting properties. The “protein stabilization” (as inferred from the shift in Tm) by PANI is 
very similar for all the gelatin and PANI-gelatin fibers with ratios of 15:85, 30:70, and 
45:55 investigated. As seen in Figure 5-5(c), incorporation of PANI had more profound 
effect on the broad glass transition of gelatin between –50°C to 10°C. A small endothermic 
glass transition temperature (Tg) of pure gelatin fibers is found at ~ -35 oC. Addition of 
small amounts of PANI changed this transition both qualitatively (becoming exothermic) 
and quantitatively (the temperature shifted to ~ -30 oC for 45:55 PANI-gelatin fibers). 
These data indicate that the crystalline domain of gelatin may have been altered during the 
synthesis of the blend nanofibers. 
5.3.5. Cell Proliferation 
For each of the experimental conditions (different blends, gelatin, glass, and TCP as 
controls), H9c2 rat cardiac myoblasts were seeded at a density of 10,000 cells/well in 
triplicate. The cells were allowed to proliferate for up to 6 days. Over the 6 day time course, 
relative cell numbers were assessed continually every other day using the Alamar blue 
assay, as described in Materials and Methods (Section 5.2). Figure 5-6 shows the 
normalized AB fluorescence measurements of cells on electrospun gelatin and PANI-
gelatin blend fibers with volume ratio of 15:85, 30:70, 45:55, and control glass and TCP 
substrates. Cells proliferated similarly on all substrates during the 6-day culture period, 
albeit with some slight differences. At day 2, the cell numbers on the fibrous substrates 
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were slightly lower on the fibrous mats than on the control smooth glass and TCP surfaces. 
Conversely, at day 6, there were more cells on the fibrous gelatin (P<0.05) and PANI-
gelatin (P<0.01) substrates indicating higher degrees of proliferation. A possible reason is 
that fibrous substrates, being rougher, provided more surfaces for the cells to grow on than 
the smooth glass and TCP surfaces. We conclude that all our fibrous substrates are equally 
biocompatible for H9c2 cells and support cell proliferation as well as conventional “gold-
standards”, such as tissue-culture treated polystyrene. 
5.3.6. Cell Morphology 
In order to assess the morphology and cytoskeletal architecture of H9c2 cells on the 
different substrates, the cells were fixed at 20 hours of post-seeding and at day 6 for 
monolayer confluence assay. The cells were permeablized and stained with bis-benzimide 
(Hoechst 33258) and rhodamine-phalloidin for nuclei and cytoskeleton, respectively, and 
then visualized using a fluorescence microscope as detailed in Materials and Methods 
(Section 5.2). Gelatin fibers are autofluorescent14; however, with addition of more and 
more PANI, the fluorescence of blend fibers decreases because a) PANI is not 
autofluorescent and b) the fibers become smaller and smaller. As seen in Figure 5-7, pure 
gelatin fibers can be seen very clearly (Panel a); similarly the 15:85 (Panel b) and 30:70 
(Panel c) PANI-gelatin blend fibers are still visible, albeit rather faintly. By contrast, 45:55 
PANI-gelatin blend fibers are almost not visible (panel d). Cells growing at low density on 
the bigger-fiber substrates show a large number of prominent microfilament–rich 
pseudopodia attaching to individual fibers (see Panels a-c). By contrast, cells growing on 
the smaller fibers are more spread (Panel d) and exhibit a smooth-muscle like morphology 
and cytoskeletal architecture (prominent stress fibers) more similar to the cells growing on 
the smooth glass surface (Panel e). These results are reminiscent of our recent study, in 
which we studied the attachment and alignment of bovine aortic endothelial cells to 
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micropatterned surfaces. In that study we found that the cells will align with 
micropatterned grooves as long as their width exceeds 500 nm. Below that cells will align 
randomly and spread just as if plated on smooth surfaces53. Similarly, Min et al. also 
reported their investigation on the cytocompatibility and cell behavior onto the electrospun 
fabricate silk fibroin (SF) nanofibers; human keratinocyte and fibroblast cells attached and 
spread on the SF nanofibers54. Under our conditions, H9c2 cells attached, spread, migrated, 
and proliferated to confluence within 6 days and formed nearly identical monolayers on all 
substrates investigated, as shown in Figure 5-8.  
In addition to visualization by light microscopy, we used scanning electron microscopy 
for close inspection of the cell morphology. As highlighted in Figure 5-9, H9c2 cultured 
on gelatin fibers extended pseudopodia which attached onto the large gelatin fibers (Panel 
a). Figure 5-9 (b) shows a large pseudopodium (or a bundle of pseudopodia) growing 
along the gelatin fiber. Similarly, the pseudopodia grew and extended along PANI-gelatin 
fibers (see panels c-e). Interestingly, with decreasing fiber size the pseudopodia were 
getting smaller on smaller fibers. This observation was also confirmed by fluorescence 
images from cell F-actin stained cells in Figure 5-7. As a control, pseudopodia extended by 
cells growing on glass were small, around 100-200 nm in diameter, as shown in Figure 5-
9(f).  These SEM micrographs also reveal another important finding, namely that cells 
preferentially grow and spread out on smaller fibers, which more closely resemble their in 
vivo extracellular matrix (ECM).   
Taken together our results open the opportunities for further investigations into the use 
of electrospun fibrous matrices containing conductive emeraldine base PANI for tissue 
engineering applications, such as for the building of functional cardiac, cardiovascular and 
neuronal  tissue constructs . These data confirm and extend our previous observations on 
the usefulness of PANI as substrates for cardiomyoblasts and cells of neuronal origin 36. 
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Together these results with previous reports by Schmidt and her colleagues 30,31 on the use 
of polypyrrole, our results strengthen the notion of  the feasibility of  using inherently  
electrically conductive scaffolds for modulating growth and differentiation of various cells 
for tissue engineering and regenerative purposes.  
 
5.4. CONCLUSIONS 
Interactions between cells and engineered ECM are crucial for modulating or 
redirecting cell functions in an in vitro environment. Biocompatibility of tissue engineered 
scaffolds is of primary concern since it affects cell attachment, proliferation, and further 
growth. In our search for novel “intelligent” biomaterials for cardiac and neuronal tissue 
engineering, we have further explored the use of electroactive polymers. In this chapter we 
demonstrate for the first time the feasibility to generate a novel type of biocompatible 
fibrous scaffolds by blending an inherently conductive form of polyaniline with 
biopolymeric macromolecules, such as gelatin. The fiber size is reduced by approx 1 order 
of magnitude to < 100 nm by increasing the concentration of C-PANI in the blend. 
Physiochemical measurements of the tensile strength, elasticity and conductivity, in concert 
with inspection by light and electron microscopy, confirm the uniformity of the ensuing 
fibers. Our experimental data demonstrate that electrospun C-PANI-gelatin blend fibers are 
biocompatible, supporting attachment, migration, and proliferation of H9c2 rat cardiac 
myoblasts. This report represents the first stage in our long-term strategy of culturing cells 
on “intelligent” nano-fibrous scaffolds containing electroactive polymers. In later stages, 
we will focus on studying the effects of electrical stimulation on the functionality of H9c2 
myoblast cells for cardiac tissue engineering.  
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Figure 5-1. Schematic representation of electrospinning setup.55
     
188 
 
 
(a) (b) 
(c) (d) 
(e) 
Figure 5-2. SEM micrographs of gelatin 
fibers (a) and PANI-gelatin blend fibers with 
ratios of (b) 15:85; (c) 30:70; (d) 45:55; and 
(e) 60:40. Original magnifications are 5000x 
for (a-d) and 20000x for (e). Figure shows the 
electrospun fibers were homogeneous while 
60:40 fibers were electrospun with beads. 
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Figure 5-3. Sizes of electrospun gelatin fibers and PANI-gelatin blend fibers at 
different volume ratios. Electrospun fibers were examined by SEM and data are 
expressed as means ± SD, n=10-20, **: p<0.01, values are significantly different 
from the previous group compared. 
 
 
 
 
 
 
 
 
 
 
 
     
190 
 
 
0
10
20
30
40
50
60
C
ro
ss
lin
ki
ng
 D
eg
re
e 
(%
)
0 10 20 30 45 75
Time (min)
 
 
Figure 5-4. Cross-linking degree measurement for PANI-gelatin blend fibers with volume 
ratio of 30:70. 
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(a)                                                                       (b) 
 
 
(c) 
 
Figure 5-5. DSC measurement of electrospun fibers composed of pure gelatin and of 
PANI-gelatin blends with ratios of 15:85, 30:70, and 45:55. (a) Heat flow of the fibers 
during heating process; (b) Comparative analysis of the melting temperatures (Tm) of the 
fibers; (c) Glass-transition curves of the fibers. 
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Figure 5-6. H9c2 myoblast cell proliferation on various substrates. H9c2 cells were 
cultured on electrospun gelatin and PANI-gelatin blend fibers with volume ratio of 15:85, 
30:70, 45:55, and control glass and TCP substrates over a 6-day time course. Cell 
proliferation / metabolic activity were evaluated using the Alamar Blue (AB) Assay. The 
data were normalized to the AB fluorescence reading at day 0. Data are expressed as means 
± SD, n=6. *: p<0.05; **: p<0.01, values are significantly different from those on glass and 
TCP substrates at day 6. 
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Figure 5-7. Morphology of H9c2 myoblast 
cells at 20 hours of post-seeding on (a) 
gelatin fiber; (b) 15:85 PANI-gelatin blend 
fiber; (c) 30:70 PANI-gelatin blend fiber; (d) 
45:55 PANI-gelatin blend fibers and (e) glass 
matrices. Staining for nuclei-bisbenzimide 
and actin cytoskeleton-phalloidin, fibers-
autofluorescence, original magnification 
400x. 
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(a) 
 
 
(b) 
 
Figure 5-8. H9c2 myoblast cells confluency on 30:70 PANI-gelatin blend fiber substrates. 
(a) Phase contrast; (b) fluorescence. Staining for nuclei-bisbenzimide and actin 
cytoskeleton-phalloidin, original magnification 100x. 
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100 µm 
     
195 
 
  
 
 
Figure 5-9. SEM micrographs of H9c2 cells cultured on fibrous substrates. (a) cell 
pseudopodia on gelatin fibers; cell pseudopodia grew along (b) gelatin fibers, and (c) 
15:85, (d)30:70, (e) 45:55 PANI-gelatin blend fibers; (f) cell pseudopodia on glass flat 
surface.  
(a) (b) 
(c) (d) 
(e) (f) 
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Table 5-1. Concentration of PANI and Gelatin in Mixed Solution 
 
 
Mass in 100 ml HFP PANI : Gelatin 
Ratio (V/V) PANI (mg) Gelatin (mg)
PANI  
Mass Ratio (w/w)
Total Solute  
Concentration (w/v)
Pure Gelatin 0 8000 0 8.00% 
15 : 85 45 6800 0.66% 6.85% 
30 : 70 90 5600 1.58% 5.69% 
45 : 55 135 4400 2.98% 4.54% 
60 : 40 180 3200 5.33% 3.38% 
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Table 5-2. Mechanical tensile properties of gelatin and PANI-gelatin fiber scaffolds. 
 
 
 Modulus (MPa) Strength (MPa) Elongation 
Gelatin Fibers 499±207 5.77±0.96 0.96±0.33 
15:85 614±75 6.56±1.06 0.49±0.10 
30:70 1043±184** 9.28±1.97* 0.12±0.03** PANI-gelatin Fibers 45:55 1384±105* 10.49±0.96 0.09±0.03 
 
Note: Mechanical tensile data are expressed as means ± SD, n=4, **: p<0.01; *: p<0.05, 
values are significantly different from the previous group compared. 
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Table 5-3. Conductivities of gelatin and PANI-gelatin blend fiber covered substrates 
 
 
 
PANI-gelatin Blend Fibers 
  
Gelatin 
Fibers 15:85 30:70 45:55 60:40 
Conductivity (S/cm) 0.005 0.01 0.015 0.017 0.021 
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Chapter 6: Aromatic Additives-Assisted Synthesis of 
Polyaniline via Self-dispersed Polymerization 
 
 
6.1. INTRODUCTION 
6.1.1. ‘Doping’ of Polyaniline 
Among the most investigated conductive polymers, polyaniline (PANI) is continuing to 
attract much interest as it gives rise to a wide range of potential applications, for example, 
anti-corrosions1, electrochromic displays2 and biosensors3. The increasing popularity of 
PANI arises primarily from its environmental stability, easy and low-cost synthesis and its 
intrinsic capability of charge transport upon so-called ’doping/dedoping’ process.4 As the 
only conductive form, emeraldine salt of PANI can be formed by protonating the imine 
nitrogen atoms of the emeraldine base so that it affords the highly stable delocalized radical 
cations on its backbone. This type of doping has been usually referred to be “primary 
doping”, and de-doping through the treatment of emeraldine salt with base is the attainment 
of the original properties of the non-doped polymer. The bulk conductivity, δ, can be up to 
5-20 S/cm when treated with hydrochloric acid5, which is, however, well below useful 
value for most of stringent requirements. 
 In 1992, Cao et al.6 described how camphorsulfonic acid (CSA) dissolved in meta-
cresol (m-cresol) could endow the insulating emeraldine-base form of PANI with improved 
processibility and remarkably enhanced conductivity. The resulting doped polymer system 
can be cast into isotropic free standing films with the conductivity at a range of 100-300 
S/cm. The enhanced properties were attributed to the presence of m-cresol, which was thus 
defined as “secondary dopant” as it, when applied to a primary-doped polymer, behaved 
beyond a common organic solvent and induced further changes on the polymer chains.7 
The concept of “secondary doping” was introduced simply because some apparently ‘inert’ 
     
205 
 
organic solvents were found to exert a significant effect on the conductivity of polyaniline 
but differed remarkably from ‘primary doping’ in principle.8 
6.1.2. Factors Affecting Conductivity of Polyaniline 
It has been known that a remarkable increase in conductivity is related to the protonic 
acid doping and progressively improving crystallinity of polyaniline, which enhances 
patterning of the intermolecular components.5 When doped, a positively charged 
polyaniline chain, i.e., as a polyelectrolyte, increases the distance between neighboring 
charged units and thus facilitates linearity of the chain due to electrostatic repulsion.9 
Consequently, the expanded molecular conformation favors the reduction of π-conjugation 
defects existing in the polymer backbone due to chain entangling. The resultant regularity 
as compared to the coil-like conformation in the undoped counterparts promotes the 
crystallinity, mobility and bulk conductivity.  
Furthermore, it was very interesting that polyaniline in its emeraldine salt form was 
soluble in the solvents, such as m-cresol and chloroform after complete protonation by 
camphorsulfonic acid, while the former films exhibited approximately two orders of 
magnitude higher conductivity than the latter, indicating that large increases in conductivity 
originate from the nature of solvents employed.10 Owing to the poor polymer chain-solvent 
interaction, the charged species tend to form ion pairs instead of electrostatically repulsed 
electrolytes, which is favorable for a compact coil conformation. By contrast, a good 
primary/secondary dopant combination, such as CSA/m-cresol, allows enhanced solvation 
of ions associated with the polymer, resulting in an expansion of the initial coil 
conformation to “straight-out” structure. These observations are in good agreement with 
the negative dielectric constant characteristic of the metallic state of the films obtained 
from m-cresol, whereas a positive dielectric constant observed in the films cast from 
chloroform.11 The solvent m-cresol stays tightly in the visually dry, free-standing films and 
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considerable crystallinity and conductivity still remain even after the complete removal of 
secondary dopant, suggesting the treatment of secondary doping leads to a relatively stable 
expanded coil conformation under ambient condition.12 
On the other hand, electrical conductivity in the direction of the oriented polymer 
chains can be further enhanced by simply stretching the polyaniline films. Fischer et al. 
suggested that the increase in conductivity in stretched PANI films was attributed to the 
nucleation of a small amount of new crystalline material rather than orientation of any pre-
existing crystallites, or orientation of the amorphous domains.13 By contrast, it was reported 
by the work of Abell et al. that the improved performance was due to the development of 
oriented lamellae at planes with a 10o to the drawn direction.14 Thereafter, Travers and 
coworkers stated that the stretching process facilitates interchain hoppings and results in 
highly anisotropic polaron motion at the chain scale. As to the stretched films, hydration 
induces an increase in the conductivity and a simultaneous decrease in the anisotropy.15  
6.1.3. Synthesis of Highly Conductive Polyaniline 
The facile polymerization of aniline provides several routes in oxidative chemical 
synthesis. The general method developed by MacDiarmid et al. 16  is one kind of 
precipitation polymerization carried out in acidic medium using ammonium persulfate as 
the oxidant. There then exist several advances based on this procedure by optimizing the 
aniline/oxidant molar ratio or using other appropriate oxidant compounds.17 However, the 
PANI prepared by the commonly used approach has defective sites 18  because many 
crosslinks and branches on the polymer backbone could be undesirably obtained during 
synthesis and thus exhibit the hindrance in favorable π-conjugated structure. Recently, Lee 
et al.19 has demonstrated a novel method to prepare highly conductive PANI via self-
stabilized dispersion polymerization wherein the living polymer chain can be propagated in 
the interface between aqueous and organic phases. Therefore, the secondary growth 
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existing in the conventional homogenous reaction system can be effectively suppressed 
though the number molecular weight of obtained PANI was as low as 21,000 and the 
polydispersity was around 2.5. 
Therefore, it comes to our great interest that the generation of the defective side chains 
might be further suppressed when the overall rate of desired chain growth increases 
substantially. Our previous study 20  has shown that the deliberate introduction of the 
aromatic additives with lower oxidation potentials compared to aniline monomer and 
having at least one free aromatic amino group will significantly increase the polymerization 
rate. Furthermore, both our group21 and Kaner et al.22 noted that p-phenylenediamine could 
act as an initiator to accelerate polyaniline chain growth and as a nucleation site for the 
formation of nanofibers. In this chapter, we report for the first time the self-dispersed 
polymerization of aniline in the presence of aromatic additives. The spectroscopic 
properties of the resultant basic and protonated PANI in m-cresol, as well as intrinsic 
structural properties of free-standing films, were characterized and discussed. 
 
6.2. EXPERIMENTAL SECTION 
6.2.1. Materials 
Aniline (99%) was obtained from Aldrich and vacuum distilled prior to its use. Other 
chemicals were used without further treatment. They were: ammonium persulfate (98%, 
Aldrich), hydrochloric acid (37% aqueous solution, Fisher), chloroform (Fluka), ammonia 
(25% aqueous solution, Spectra), m-cresol (99% Merck), N-methyl-2-pyrrolidinone (99% 
Sigma), N’-phenyl-1,4-phenylenediamine (Aldrich), p-phenylenediamine (Aldrich), and 
N,N’-diphenyl-1,4-phenylenediamine (Aldrich). Distilled water was used to prepare all 
aqueous solutions. 
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6.2.2. Synthesis of Emeraldine Base-Form Polyaniline in the Presence of the 
Aromatic Initiators  
The samples investigated in this work were prepared following the oxidative self-
dispersed polymerization procedure described by Lee et al.20 except that the aromatic 
additives N’-phenyl-1,4-phenylenediamine (PPD), p-phenylenediamine (PD), and N,N’-
diphenyl-1,4-phenylenediamine (DPD) were added into the aniline monomer solution 
before mixing with the oxidant compound. Reagent grade aniline was distilled under 
reduced pressure before use and the deionized water used was obtained through a Milli-DI 
water purification system. For a typical procedure, the chemical polymerization of aniline 
(25 ml) was carried out at –10oC in a mixture consisting of 1N HCl (1.25 L) and 
chloroform (v:v~2:1) to which 0.45 L of ammonium persulfate (14 g) was added dropwise 
in a period of ~30 min, and then the solutions turned dark green quickly. The molar ratio of 
the oxidant to aniline monomer is about 1:4 for all reactions, and the ratio of the aromatic 
additives to monomer ranges from 1:200 to 1:10. Under continuous mechanical stirring, the 
mixture reacted for 6 hrs before it was quenched with 1 N NH4OH (1 L). The precipitates 
were collected by filtration under reduced pressure, washed thoroughly with 0.1 N NH4OH 
(2.5 L), and dried at room temperature for 48 hrs under vacuum.  
6.2.3. Characterization 
The molecular weight of the obtained PANIs dissolved in organic solvent N-methyl-2-
pyrrolidinone (NMP) was measured on a Waters GPC system using polystyrene standards 
for calibration. X-ray diffraction (XRD) analysis was performed on a Siemens 
diffractometer equipped with a 1500W Cu fine focus tube. The XRD data were collected 
from 2θ of 3o- 40o at a scan step of 0.05o/min. Infrared spectra of PANI powders were 
recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer, while optical spectra of 
PANI solution in m-cresol were obtained on Perkin-Elmer Lambda 950 UV/Vis 
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spectrometer. The thermal stability of PANI was characterized by thermogravimetric 
analysis (TGA) under air at a heating rate of 10oC/min on a TA Q50 instrument and by 
differential scanning calorimetry (DSC) on a TA Q100 instrument under nitrogen 
atmosphere with a cooling rate of 5 oC/min and a heating rate of 10oC/min at a TA Q100 
instrument. Electrical conductivities were measured using a standard four-probe technique 
on the L-CSA doped PANI free-standing films. Those conductive films were prepared by 
dissolving 20 mg PANI and 25 mg L-CSA in 5 ml m-cresol and coating such solutions 
onto the glass plates followed by evaporation of m-cresol at 65oC for 2 days. The as-
synthesized PANI powders were sputter coated with Pt, and visualized with a scanning 
electron microscope (SEM, XL-30 Environmental SEM-FEG) to explore the morphologies 
at a nanoscale level. 
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Scheme 6-1. Synthetic scheme of self-dispersed polymerization of aniline in 
the presence of PPD. 
 
6.3. RESULTS AND DISCUSSION 
6.3.1. Mechanism of Aniline Polymerization Reaction 
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Kinetics and mechanism of aniline polymerization have been well studied and the 
initial oxidation step from the neutral aniline monomer to radical cations, which 
subsequently induced the formation of dimeric species, such as N’-phenyl-1,4-
phenylenediamine (PPD) and benzidine, was believed to be the rate-determining step.21 It 
was shown by our group that the presence of these aromatic additives lead to higher 
conversions of aniline monomers and higher yields of the polyaniline than the system 
without additives and smaller fiber diameters (i.e., finer fiber structure). On the other hand, 
dispersion polymerization in a heterogeneous medium showed to be more advantageous 
than suspension polymerization since the initiated radicals grow at the organic/aqueous 
interface and more easily separate the insoluble species from the reaction medium. The 
appropriate addition of organic solvents is thus highly effective in suppressing the 
undesired secondary growth leading to a randomly branched polymer backbone and 
possibly some crosslinking.  
As illustrated in Scheme 6-1, it is thus speculated that the intentional introduction of 
active dimeric species into self-stabilized dispersion system could allow PANI synthesis to 
avoid the slowest step and propagate along the main chain more rapidly. In the present 
study, the three aromatic additives, PPD, PD and DPD, were selected as they have different 
available reactive sites, 1, 2, 0, respectively. Moreover, it is possible to control the 
molecular weight and other related physiochemical properties of as-synthesized PANI, e.g., 
bulk conductivity and crystallinity, by tuning the starting molar ratio of dimer to monomer. 
Similarly, all the obtained EB-form of PANI samples were treated with HCSA 
(CSA/Nitrogen atoms equal to 0.5 in molar ratio) in m-cresol solution to further strengthen 
the expansion of PANI chain conformation and endow them with the nearly metallic-like 
transport properties.  
6.3.2. Effect of the Types of Aromatic Additives on Intrinsic Properties of PANI 
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The results summarized in Table 6-1 demonstrate that under the same reaction 
conditions and feed composition, PPD leads to the higher electrical conductivity and lower 
polydispersity index (PI) than its counterparts, PD and DPD. Actually, compared to routine 
PANI synthesis, the addition of PPD and PD showed the improvement to slightly different 
extent, whereas DPD deteriorates the performance.  As one of the dimeric products, PPD 
appears to be essential to further polymerization containing ordered aniline repeating units 
because its presence could effectively restrict the formation of other dimeric species, which 
has shown to reduce the rate enhancement.21 Furthermore, the one accessible aromatic 
group in PPD can be easier to be oxidized into quinoidal diiminium than aniline monomer 
due to its lower oxidation potential. That means the monomer existing in the aq/org 
interface is more susceptible to electrophilic attack by such introduced diiminium ions to 
accomplish fast polymer growth.  
The lack of available end-amine groups makes DPD serve as chain terminating agent 
when it reacts with growing iminium or nitrenium ions so that it broadens the 
polydispersity and lowers the conductivity. In the case of DP, it has an even higher rate 
observed throughout polymerization measurement than PPD as it has two available reactive 
sites. Nevertheless, its high solubility in strong acid aqueous environment inhibits its 
potential of functioning as an interfacial stabilizer for the self-dispersion polymerization. 
As a result, rapid polymerization occurred in an aqueous medium initially when oxidant 
was brought into reaction system dropwise, and branched backbones or crosslinks were 
possibly generated resembling the side-reactions occurring in a homogeneous system.  
6.3.3. Effect of the Amount of Aromatic Additives on Intrinsic Properties of PANI 
The amounts of additives have shown remarkable effects on the intrinsic properties of 
as-synthesized EB PANI. For example, when a small amount of PPD (1/200 in molar ratio 
to monomer, same as below) was used in the polymerization system, the slowest step 
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(including the generation of N,N’-diphenylhydrazine and benzidine) was starting to be 
greatly avoided and the resulting cation radicals proceeded along the main backbone 
leading eventually to the desired PANI.  Its effect could be optimized when the amount of 
additives kept increasing to the most appropriate ratio (1/100), which possesses the 
conductivity as high as 480 S/cm with a low PI ~1.76. The performance did not show any 
further improvement, however, when more additives were put into reactions. High local 
concentration of diiminium ions surrounding the aniline monomer results in the more 
growing polymer chains and thus the molecular weight and conductivity decreases with the 
shorter chains generated. 
6.3.3.1. UV-Vis-NIR Spectra 
Figure 6-1 presents the UV-vis-NIR spectra of the series of PANI-CSA emeraldine salts 
prepared at different dimer/monomer ratio. Compared to characteristic peaks of PANI base, 
the protonation involves the simultaneous disappearance of the quinoid to benzoid ring 
electronic transition and a much stronger π-π* absorption with a remarkable blue shift.23 It 
was known that optical spectral changes accompanied the conformational changes in the 
case of sulfonic acid-protonated PANI. Ikkala et al. have used a concept of 
“supramolecular chemistry” in the explanation of sulfonic acid-protonated polyaniline in 
phenol type solvents.24 Thus, the highly conductive protonated polyaniline films always 
exhibited a very intense free carrier tail occurring at 1000~2200 nm. This free carrier tail is 
consistent with delocalization of electrons in the polaron band, which is ascribed to the 
improved degree on “opening-up” of the polymer chains via strong hydrogen bonding 
between the solvent, the counter-anion, and the polymer chains. Moreover, the degree of 
polaron delocalization is highly dependent on the degree of steric matching between the 
solvent and PANI repeating unit, as manifested by the changes in the NIR absorption band 
for each PANI (CSA)0.5 in m-cresol. Thus, as shown in the Figure 6-1a and b, the 
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extended absorption is observed with the addition of 1/100 and 1/50 PPD, indicative of a 
high degree of charge carrier delocalization. Narrowing of this band, occurring at 1/200 and 
1/10 PPD, can be interpreted as the concomitant increase in π defects caused by ring 
twisting. These results strengthen the notion that high electric conductivity coincides with 
the expanded coil conformation. 
6.3.3.2. X-ray Diffraction (XRD) 
XRD measurements were used to explore the structural properties of PANI-(CSA)0.5, 
and the results are in good agreement with the above explanation. It was reported that large 
crystallinity of CSA-doped PANI reflects high electrical conductivity. The main 
differences existing in the diffractogram of PANI-(CSA)0.5 films cast from m-cresol 
solution (Figure 6-2) are the relative intensity of the distinct peak at 2θ ~25 o and the ratio 
of intensity of the first reflection (2θ ~5 o) to the fourth reflection (2θ ~25 o), Z1/Z4. 
According to the PANI-CSA model established by Luzny et al.25, the reflection at 25 o 
indexed as 400 corresponds to the chain-dopant ion stacking periodicity. The sharper and 
more intense peak in the 1/100 PPD profile (Figure 6-2c) suggests higher ordered 
arrangement in the stacking direction. As another useful parameter, the Z1/Z4 value 
correlates with the ordering of CSA anions along the direction of polymer chain.26 One can 
notice that Z1/Z4 shows a trend of rising with the increasing molar ratio of PPD (Figure 6-
2a→2c) followed by a dramatic decrease, implying the corresponding changes occurring 
on their electrical conductivities.  
6.3.3.3. Thermal Study 
The differential TGA curves (Figure 6-3) with the derivative weight percentage against 
temperature suggest that thermal stability of the EB form of PANI can possibly be affected 
by the molecular weight and crystallinity in that the main decomposition temperature 
shows a consistent trend correlating to the slight structural change. Initially, PANI without 
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additives has a major decomposition at a range of 350oC- 670 oC, centering at 527 oC. 
With increasing loading of PPD, the peak decomposition shifted to a maximum of 540 oC 
and the differential curves became narrower. Subsequently, the narrowest curve appears in 
the case of 1/50 PPD that correspondingly has a lowest PI though the peak decomposition 
returns to 529oC. Then it would not be surprising to observe that PANI starts to decompose 
at a lower temperature of 330oC when PPD was added in a 1/10 molar ratio.  
The DSC thermal analysis curves are shown in Figure 6-4. All the thermograms of the 
EB-form PANI powders exhibit two peaks, an endothermic peak at 50-140 oC and an 
exothermic peak at 200-320 oC. According to the previously reported studies 27 , the 
endothermic peak was attributed to the vaporization of water owing to the presence of 
discernible moisture content. PPD 1/100 exhibits higher temperature of the endothermic 
peak than those of others, revealing the stronger interaction between polymer chain and 
water molecules through hydrogen bonding. This is in good agreement with the TGA 
results. The chemical process related to the exothermic peak was caused by a crosslinking 
reaction that involves a coupling of N atoms in the two neighboring aromatic rings, as 
suggested by Scherr et al.28  (Scheme 6-2) 
Thermal 
Treatment
Oriented polymer chain
Inter-crosslinked network
 
Scheme 6-2. Thermally induced crosslinking reaction of EB-form PANI chains. 
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6.3.3.4. Morphological Study by Scanning Electron Microscopy 
Figure 6-5 shows scanning electron microscopic images of the EB form of PANI, and 
they illustrate the apparently different morphology caused by a variety of amounts of 
aromatic additive, PPD. Figure 6-5(a) shows that PANI exists in the form of spherical 
aggregates when no dimeric species were added during synthesis. This is consistent with 
the observation reported in the study by Lee et al.20 Moving progressively to the addition of 
1/200 PPD during the PANI synthesis, the agglomeration appears to be suppressed slightly 
by accelerated nucleation and growth of polyaniline chain in the heterogeneous system and 
the morphology evolutes into nanorods with granular particles grown on the surface.29 The 
diameter of as-formed nanorods is fairly uniform and ranges from 180-200 nm. The further 
addition of PPD was found to facilitate the formation of fibrillous structure, characterized 
by the smooth surfaces and noticeably decreased size. Because of the retention of the 
original heterogeneous reaction system, it is reasonable to attribute this fibrillar shape to 
the increasing degree of locally existing homogenous nucleation.30 It is noteworthy that the 
self-dispersed interfacial polymerization occurred under low temperature and rapidly 
initiated polymer growth dominates the heterogeneous solution diffusion leading to the 
appearance of homonuclei. 
 
6.4. CONCLUSION 
In brief, we have demonstrated that deliberate introduction of aromatic additives into 
self-stabilized dispersion aniline polymerization can cause remarkable improvements on 
intrinsic properties of the resultant conducting polymers, including electrical conductivity, 
molecular weight, crystallinity, thermal stability and structural morphology. It is clearly 
seen that the dimeric species, PPD, endows the as-synthesized PANI with the highest 
performance at a feeding ratio of 1/100 to monomer, indicated by lowest PI, free carrier tail 
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at highest wavelength and strongest polymer chain-dopant ions stacking interaction. These 
observations suggest that the performance of EB PANI can be further improved through the 
addition of some co-initiators, which is partially explained by the increased polymerization 
rate and the effectively suppressed side chain growth.  
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Figure 6-1. UV-Vis spectra of protonated PANI-(CSA)0.5. (a) 1/100 PPD; (b) 1/50 
PPD; (c) 1/200 PPD; (d) without additives; (e) 1/10 PPD. 
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Figure 6-2. Wide angle XRD profiles of CSA-doped polyaniline films (a) without 
additives; (b) PPD as 1/200 of aniline in molar ratio; (c) 1/100; (d) 1/50; (e) 1/10. 
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Figure 6-3. Differential TGA curves of EB-form PANI. (a) without 
additives; (b) 1/200; (c)1/100; (d) 1/50; (e) 1/10 in the molar ratio of 
aromatic additives: aniline monomer. 
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Figure 6-4. DSC thermograms of EB-form PANI. (a) without additives; (b) 
1/200 PPD; (c) 1/100 PPD; (d) 1/50 PPD; (e) 1/10 PPD. 
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Figure 6-5. SEM images of the EB-form of PANI. (a) without additives; (b) 
1/200 PPD; (c) 1/100 PPD; (d) 1/50 PPD 
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Table 6-1. The results of  conductivity measurements and GPC analysis. 
 
 
 
EB-form PANI Conductivity (S/cm) 
Number 
molecular 
weight (Mn) 
Polydispersity 
Index (PI) 
No additives 240 30,000 2.21 
PD (1/200) 260 41,800 2.15 
DPD (1/200) 140 28,700 2.57 
PPD (1/200) 300 35,000 1.86 
PPD (1/100) 480 37,200 1.76 
PPD (1/50) 370 32,600 1.58 
PPD (1/10) 110 25,100 2.87 
 
     
223 
 
6.5. REFERENCE
 
(1) Ahmad, N.; MacDiarmid, A. G. Inhibition of corrosion of steels with the exploitation 
of conducting polymers. Synthetic Metals (1996), 78, 103-110. 
 
(2) Kobayashi, T.; Yoneyama, H.; Tamura, H. Polyaniline film-coated electrodes as 
electrochromic display devices. Journal of Electroanalytical Chemistry and Interfacial 
Electrochemistry (1984), 161, 419-423. 
 
(3) Tahir, Z. M.; Alocilja, E. C.; Grooms, D. L. Polyaniline synthesis and its biosensor 
application. Biosensors & Bioelectronics (2005), 20, 1690-1695. 
 
(4) Skotheim, T. A.; Elsenbaumer, R. L.; Reynolds, J. R. Eds. Handbook of Conducting 
Polymers, Second Edition, Revised and Expanded 1997. 
 
( 5 ) Chiang, J. C.; MacDiarmid, A. G. 'Polyaniline': protonic acid doping of the 
emeraldine form to the metallic regime. Synthetic Metals (1986), 13, 193-205. 
 
(6) Cao, Y.; Smith, P.; Heeger, A. J. Counter-ion induced processibility of conducting 
polyaniline and of conducting polyblends of polyaniline in bulk polymers. Synthetic 
Metals (1992), 48, 91-97. 
 
( 7 ) Epstein, A. J.; Joo, J.; Wu, C.-Y.; Benatar, A.; Faisst, C. F., Jr.; Zegarski, J.; 
MacDiarmid, A. G. Polyanilines: Recent advances in processing and applications to 
welding of plastics. NATO ASI Series, Series E: Applied Sciences (1993), 246, 165-178. 
 
(8) MacDiarmid, A. G.; Epstein, A. J. The concept of secondary doping as applied to 
polyaniline. Synthetic Metals (1994), 65, 103-116. 
 
( 9 ) Ghosh, S.; Kalpagam, V. Protonation of polyaniline and its polyelectrolyte 
complexes at different ionic strength: contribution of Donnan effect. Solid State Ionics 
(1993), 60, 149-152. 
 
(10) Ray, A.; Asturias, G. E.; Kershner, D. L.; Richter, A. F.; MacDiarmid, A. G.; Epstein, 
A. J. Polyaniline:doping, structure and derivatives. Synthetic Metals (1989), 29, E141-
E150. 
 
(11) Joo, J.; Oblakowski, Z.; Du, G.; Pouget, J. P.; Oh, E. J.; Wiesinger, J. M.; Min, Y.; 
MacDiarmid, A. G.; Epstein, A. J. Microwave dielectric response of mesoscopic metallic 
regions and the intrinsic metallic state of polyaniline. Physical Review B: Condensed 
Matter and Materials Physics (1994), 49, 2977-2980. 
 
(12) Santos, J. R., Jr.; Malmonge, J. A.; Silva, C. A. J. G.; Motheo, A. J.; Mascarenhas, Y. 
P.; Mattoso, L. H. C. Characteristics of polyaniline electropolymerized in camphor 
sulfonic acid. Synthetic Metals (1995), 69, 141-142. 
 
(13) Fischer, J. E.; Zhu, Q.; Tang, X.; Scherr, E. M.; MacDiarmid, A. G.; Cajipe, V. B. 
 
     
224 
 
 
Polyaniline fibers, films, and powders: X-ray studies of crystallinity and stress-
induced preferred orientation. Macromolecules (1994), 27, 5094-5101. 
 
(14) Abell, L.; Pomfret, S. J.; Adams, P. N.; Middleton, A. C.; Monkman, A. P. Studies of 
stretched predoped  polyaniline films. Synthetic Metals (1997), 84, 803-804. 
 
(15) Travers, J. P.; Le Guyadec, P.; Adams, P. N.; Laughlin, P. J.; Monkman, A. P. 
Microscopic and macroscopic transport properties of polyaniline: effect of chain 
orientation and hydration. Synthetic Metals (1995), 69, 229-230. 
 
(16) MacDiarmid, A. G.; Chiang, J. C.; Richter, A. F.; Somasiri, N. L. D.; Epstein, A. J. 
Polyaniline: synthesis and characterization of the emeraldine oxidation state by 
elemental analysis. Conductive Polymer Proceedings Workshop (1987), 105-120. 
 
(17) Gospodinova, N.; Terlemezyan, L. Conducting polymers prepared by oxidative 
polymerization: polyaniline. Progress in Polymer Science (1998), 23, 1443-1484. 
 
(18) Adams, P. N.; Apperley, D. C.; Monkman, A. P. A comparison of the molecular 
weights of polyaniline samples obtained from gel permeation chromatography and 
solid state nitrogen-15 NMR spectroscopy. Polymer (1993), 34, 328-332. 
 
(19) Lee, S.-H.; Lee, D.-H.; Lee, K.; Lee, C.-W. High-performance polyaniline prepared 
via polymerization in a self-stabilized dispersion. Advanced Functional Materials (2005), 
15, 1495-1500. 
 
(20) Wei, Y.; Jang, G. W.; Chan, C. C.; Hsueh, K. F.; Hariharan, R.; Patel, S. A.; Whitecar, 
C. K. Polymerization of aniline and alkyl ring-substituted anilines in the presence of 
aromatic additives. Journal of Physical Chemistry (1990), 94, 7716-7721. 
 
(21) Wei, Y.; Sun, Y.; Jang, G. W. Effects of P-Aminodiphenylamine on Electro-
chemical Polymerization of Aniline. Journal of Polymer Science Part C-Polymer Letters, 
(1990), 28, 81-87. 
 
(22) Tran, H. D.; Kaner, R. B. A general synthetic route to nanofibers of polyaniline 
derivatives. Chemical Communications (2006), 37, 3915-3917. 
 
( 23 ) McManus, P. M.; Yang, S. C.; Cushman, R. J. Electrochemical doping of 
polyaniline: effects on conductivity and optical spectra. Journal of the Chemical Society, 
Chemical Communications (1985), 22, 1556-1557. 
 
(24) (A) Ikkala, O. T.; Pietila, L.-O.; Ahjopalo, L.; Osterholm, H.; Passiniemi, P. J. On the 
molecular recognition and associations between electrically conducting polyaniline 
and solvents. Journal of Chemical Physics (1995), 103, 9855-9863; (B) Ikkala, O. T.; 
Pietilae, L.-O.; Passiniemi, P.; Vikki, T.; Oesterholm, H.; Ahjopalo, L.; Oesterholm, J.-E. 
Processible polyaniline complexes due to molecular recognition: supramolecular 
structures based on hydrogen bonding and phenyl stacking. Synthetic Metals (1997), 
84, 55-58. 
 
 
     
225 
 
 
(25) Luzny, W.; Samuelsen, E. J.; Djurado, D.; Nicolau, Y. F. Polyaniline protonated 
with camphorsulfonic acid: modeling of its crystalline structure. Synthetic Metals 
(1997), 90, 19-23. 
 
(26) Luzny, W.; Banka, E. Relations between the Structure and Electric Conductivity 
of Polyaniline Protonated with Camphorsulfonic Acid. Macromolecules (2000), 33, 
425-429. 
 
(27) Wei, Y.; Jang, G. W.; Hsueh, K. F.; Scherr, E. M.; MacDiarmid, A. C.; Epstein, A. J. 
Thermal transitions and mechanical properties of films of chemically prepared 
polyaniline. Polymer (1992), 33, 314-322. 
 
(28) Scherr, E. M.; MacDiarmid, A. G.; Manohar, S. K.; Masters, J. G.; Sun, Y.; Tang, X.; 
Druy, M. A.; Glatkowski, P. J.; Cajipe, V. B. Polyaniline: oriented films and fibers. 
Synthetic Metals (1991), 41, 735-738. 
 
(29) Wunderlich, B. Macromolecular Physics, Vol. 1: Crystal Structure, Morphology, 
Defects 1973, 549 pp. 
 
(30) (A) Stejskal, J.; Sapurina, I. On the origin of colloidal particles in the dispersion 
polymerization of aniline. Journal of Colloid and Interface Science (2004), 274, 489-495; 
(B) Avlyanov, J. K.; Josefowicz, J. Y.; MacDiarmid, A. G. Atomic force microscopy 
surface morphology studies of 'in situ' deposited polyaniline thin films. Synthetic 
Metals (1995), 73, 205-208. 
 
     
226 
 
Chapter 7: Preparation of electroactive organoalkoxysilica-
silver nanocomposite via phase-transfer and photo irradiation 
 
7.1. INTRODUCTION 
The metal nanometer sized particles, mostly those of silver (Ag) and gold (Au), have 
become a subject of intense interest for a vast number of potential applications, including 
sensors1, catalysts2, nanoelectronic devices3, optical switches4, antibacterial reagents5, 
because of their unique physiochemical properties. 6   For instance, owing to surface 
plasmon resonance, colloidal silver and gold can exhibit characteristic extinction bands and 
thus the enhanced surface Raman7 and nonlinear optical effects8 for the application of 
optoelectronics and molecular detection. As the best conductor among metals9, silver is 
shown to induce faster electron transfer in biosensors than others.10 Besides that, silver 
colloids can interact with light very effectively and produce high efficiency of plasmon 
excitation in the visible spectrum.11  
The optical, magnetic, and electronic properties of silver colloids can be modulated by 
varying the size and geometry of the nanoparticles.12 The increase of surface-to-volume 
ratio accompanying decrease in particle size strengthens the role of the electronic structure 
of the outer atoms in determining the applications of nanomaterials.13 Several methods 
have been explored for the preparation of colloidal silver nanoparticles with various shapes 
in aqueous solution via chemical reduction 14 , electrochemical reduction 15 , thermal or 
photochemical decomposition 16  or other methods. 17  Panigrahi et al. synthesized self-
assembled silver nanoparticles by the thermal treatment of silver-resorcinol solution and 
studied their crystal structure and the performance on surface-enhanced Raman scattering.18 
More recently, Vigneshwaran and Ashtaputre synthesized silver nanoparticles using the 
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fungus Aspergillus flavus and discussed biosorption mechanism of silver ions by 
microorganisms.19  
Unfortunately, the tendency of silver nanoparticles to aggregate in solution still remains 
a major challenge since silver colloids are very active due to high surface energy and van 
der Waals forces that in turn render them prone to coalesce.20 This phenomenon leads silver 
nanoparticles to have poor reproducibility in various applications. In order to improve the 
stability of silver nanoparticles, a diversity of procedures have recently been employed to 
resist coagulation.21 Polymers are usually used as stabilizers to host metal nanoparticles and 
control their size growth and distribution.22 Also, silica substrate, which is thermally stable, 
has shown to be a good candidate to prevent silver particles from aggregation in solid 
matrix due to the inert properties of silica.8 Many studies have been performed to prepare 
so-called inorganic-organic hybrid nanocomposites in which Ag nanofillers with average 
particle sizes smaller than 100 nm were dispersed in polymers thoroughly. 23  Such 
nanocomposites exhibit the combination of improved mechanic toughness 24 , thermal 
stability25 and other unique properties from the addition of metal nanoparticles.  
Nevertheless, silica is an insulating material and can cause impairment on the electronic 
and optical properties of encapsulated metal nanoparticles. It is thus of particular interest to 
host silver nanoparticles into polymeric silica with electrical activity. The use of sol-gel 
route has recently become one of the most popular methods for preparing alkoxide-based 
hybrid materials, which involves hydrolysis and condensation reactions leading to the 
formation of crosslinked inorganic networks. To the best of our knowledge, the preparation 
of nanocomposites consisting of electroactive modified silica and nano-silver has not been 
reported. The complex obtained can endow enhanced metallic properties to electroactive 
silica for possible biosensor and surface enhanced Roman scattering (SERS) application. 
Given that TSUPQD is insoluble in aqueous solution, it is desirable to develop the 
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procedures wherein simple phase transfer of silver particles into nonpolar organic solvent 
can occur using suitable reagents. 26  The attempt to transfer particles into different 
physiochemical environments can facilitate redisperse particles in other organic solvents 
that are favorable in mixing particles with polymer to form functional materials. From our 
previous study 27 , novel electroactive silsesquioxane precursor, N,N’-bis(4’-(3-
triethoxysilylpropyl-ureido)phenyl)-1,4-quinonene-diimine (TSUPQD), has been 
synthesized successfully via simple routes from amino-capped aniline trimer. The 
synthesized precursor is in emeraldine base form and behaves similarly to the parent 
oligoaniline upon protonic acid doping. Hence, it is motivating to combine these new 
characteristics onto fabricating innovative nanostructured metal-silica composites. In the 
present chapter, we present a successful preparation of electroactive organoalkoxysilica-
silver nanocomposites via phase-transfer technique and subsequent photo-induced 
polymerization (Scheme 7-1).  
 
Scheme 7-1. Schematic representation of synthesis of silver-doped electroactive siliceous 
nanocomposite via phase-transfer technique and photolysis. 
 
7.2. EXPERIMENTAL SECTION 
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7.2.1 Materials and Characterization 
Silver sulfate (Ag2SO4), potassium hydroxide (KOH), and tyrosine (C9H11O3) were 
purchased from Aldrich, Inc. and used as received without further purification. Organic 
solvent chloroform (HPLC Grade) was obtained from Spectrum. Electroactive 
silsesquioxane precursor TSUPQD was prepared and recrystallized following the procedure 
described in our previous study.27 A variety of spectroscopic and microscopic 
characterization techniques were carried out using the instruments stated in the previous 
chapters.  
7.2.2 Preparation of Silver Nanoparticles Reduced by Amino Acid L-tyrosine 
Nano-sized Ag particles were prepared following the method described in the work by 
Selvakannan et al.28 Typically, 10 ml 10-3M L-tyrosine aqueous solution was mixed with 
10 ml 10-3M Ag2SO4 aqueous solution and then diluted to 100 ml with distilled water. As 
the tyrosine-reduced Ag nanoparticles could only be formed in alkaline environment, KOH 
solution (0.1M) was used to adjust pH value to ~10. After boiling under vigorous stirring 
for 30 min, the colorless solution became cloudy and was changed to be a yellowish 
solution, indicating the formation of nano-sized silver colloids. At room temperature, 
various portions of freshly formed Ag solution were adjusted to acidic pH conditions by 
adding dilute HNO3 (0.1M), pH from ~ 1 to ~ 5. It was reported that tyrosine was a pH-
dependent reducing agent28, and thus the stability of Ag nanoparticles in acidic solution 
was monitored by UV-Vis spectra.  
7.2.3 Phase Transfer of Silver Nanoparticles to Chloroform Phase 
Initially, brown-reddish TSUPQD powder was dissolved in chloroform to afford groups 
of 25 ml 10-3 M solutions.  Subsequently, 25 ml aqueous Ag sol with different pH values 
were added to those organic solutions containing electroactive silsesquioxane precursor, 
TSUPQD, to obtain two immiscible layers. Along with powerful shaking and stirring for 5 
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min, the yellow colors of aqueous phases were faded away quickly to colorless and 
chloroform phases were observed to be darker. The process of phase transfer was continued 
by repeatedly replacing with fresh tyrosine-reduced Ag sol until phase transfers were 
completed and the chloroform solution was saturated. The organic phases were collected 
and immediately illuminated with 254 nm short-wavelength radiation (ultraviolet light) in a 
UV photolysis reactor for 48 hours. After that, green precipitates were filtered and washed 
with 50 ml ethanol and 50 ml distilled water and finally dried in a vacuum oven at 60oC for 
24 hours.  
 
7.3. RESULTS AND DISCUSSION 
Our previous study27 has shown that electroactive silica made from TSUPQD 
modification possesses had the properties of both inorganic glasses and conducting 
polymers. It is attractive to incorporate well-distributed silver nanoparticles into this silica 
matrix for potential applications in electronics and optics. The photo-reduction of Ag ions 
to metallic Ag was reported to play an important role in the acid-catalyzed sol-gel reactions 
but the mechanism remained unclear.29 More recently, Ag/SiO2 colloids can be obtained 
via photoreduction of Ag ions due to the formation of Si-O-Ag segments.30 Because some 
of the synthesized Ag nanoparticles in this study can be reversibly oxidized to Ag ions by 
successive addition of acid, it is thus reasonable to attribute the photo-initiated sol-gel 
reaction after phase transfer to the presence of residual Si-O-Ag species. In this experiment, 
amino acid L-tyrosine was used as a crucial participant: (a) reducing agent for silver ions, 
(b) stabilizing agent for metallic silver, and (c) transferring agent to undertake the phase 
transfer.31 According to the method developed by Selvakannan et al.15, tyrosine-reduced 
silver nanoparticles with mean size of 22 nm showed excellent stability over time in 
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solution. The process of nano-silver formation and transfer are monitored by optical 
absorption spectra (Figure 7-1). 
UV spectra shown in Figure 7-1 reveal that freshly prepared aqueous Ag nanoparticle 
reduced by tyrosine at alkaline condition have one typical surface plasmon peak at ~ 425 
nm. Two other absorption bands at ~230 nm and ~280 nm are associated with tyrosine 
moiety. The presence of 280 nm peak is ascribed to be the π-π* transition due to the 
formation of quinone type from the phenol type.  The as-prepared Ag nanoparticles are 
stabilized by the amine group of the L-tyrosine molecules and can persist for at least 
several weeks without major aggregation. However, it is still worthwhile to study the 
stability of these Ag nanoparticles under acidic conditions, especially for pH under 
tyrosine’s isoelectric point (pKa=5.3). The absorbance in UV spectra shows that pH has 
little influence in stability until pH is lowered to 4. There are substantial losses in intensity 
of optical spectra and slight shifts at pH 3 and 2 wherein metallic silver is oxidized to the 
form of ions by the catalysis of acid. Under the appropriate pH conditions, the L-tyrosine 
molecules coordinated with Ag nanoparticles can work as dopants and be amenable to 
transfer to the nonpolar organic phase aided by vigorous stirring in the biphasic mixture. 
Peaks at ~420 nm in UV spectra of chloroform solution illustrate the presence of Ag along 
with characteristic peaks at ca. 320 nm and 520 nm associated with benzenoid and quinoid 
groups from electroactive moiety in TSUPQD. The attenuated quinoid intensities reveal the 
fact that TSUPQD is doped with the organic acid. 
X-ray powder diffraction (XRD) pattern of nanocomposites prepared at pH 4 is shown 
in Figure 7-2. The peaks are comparatively intense and represent higher content of 
crystalline Ag incorporated into silica matrix. The discernible peaks can be indexed to 
(111), (200), (220), and (311) planes of a cubic unit cell other than broad bump from 
amorphous silica. The crystalline size was about 10 nm by means of Debye-Scherrer 
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equation, which was smaller than the size observed from TEM images (~22 nm). This 
discrepancy may be explained that the outer surfaces of silver nanoparticles are not fully 
crystalline. It is also possible that the transferred Ag nanoparticles were well redispersed 
and stabilized by polymerized silica matrix.  
We then investigated the thermal stability of this novel nanocomposite by means of 
thermogravimetric analysis (TGA) by heating samples up to 900˚C at a rate of 20˚C/min in 
air. The TGA results (Figure 7-3) also demonstrate the existence of Ag nanoparticles. 
Assuming the pure TSUPQD is doped by L-tyrosine without the binding of Ag 
nanoparticles, the calculated weight percentage for residue is 14.3%. It is obvious that the 
nanocomposites have remarkably higher content of residue that result from the 
incorporation of Ag nanoparticles. The result is in good agreement with XRD data showing 
that phase transfer can perform best at pH 4 as it has a highest percentage of residues 
survived from high temperature. Next to negligible weight loss in the temperature range of 
50-160˚C, the first decomposition occurring at 160˚C indicates L-tyrosine molecules start 
to decompose during this temperature interval because the TSUPQD molecules can be 
thermally stable up to ca. 320˚C. 
The SEM and TEM observations of Ag nanoparticles in aqueous solution and 
nanocomposites obtained from phase transfer are shown in Figure 7-4. The mean diameter 
of the Ag nanoparticles is 17.5 nm and the size deviation is 18%. Concluded from TEM 
images, Ag nanoparticles are rather stable under acidic condition without showing 
remarkable decrease in size compared to freshly prepared particles from alkaline 
environment.   
In addition, silver-silica nanofibers can be observed in both SEM and TEM images 
(Figure 7-5) for those formed at pH 4, and Ag nanoparticles are well distributed along the 
outer surface of fibers, rather than aggregated. Nanofibers have higher surface-to-volume 
     
233 
 
ratio than nanospheres or nanoclusters formed under other pH. It may visually support the 
fact that the optimal phase-transfer can be obtained at pH4. 
 
7.4. CONCLUSION 
In summary, a series of electroactive silica-silver nanocomposites were successfully 
prepared via phase-transfer and subsequent photolysis. L-tyrosine-reduced Ag 
nanoparticles are shown to be relatively stable under acidic conditions and can be 
coordinated with tyrosine molecules during the process of phase transfer. These novel 
electroactive nanocomposites could be good potential substrates for surface enhanced 
Raman spectroscopy or other sensory applications. 
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Figure 7-1. UV-Vis spectra of L-tyrosine reduced silver nanoparticles in 
aqueous solution (A), inset: before and after phase-transfer at pH 4; 
TSUPQD-Silver nanocomposite in chloroform (B) 
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Figure 7-2. XRD of as-prepared nanocomposites  
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Figure 7-3. TGA curves of TSUPQD-Ag nanocomposites 
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Figure 7-4. TEM image of tyrosine reduced Ag nanoparticles in aqueous phase at pH 4 
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Figure 7-5. SEM and TEM image of nanocomposites at pH4 (A,C) and at pH 3 (B, D). 
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Chapter 8: Conclusions and Future Work 
 
The work described in this thesis has been mainly focused on synthesizing, 
characterizing, and fabricating electroactive silicon-based organic-inorganic hybrid 
nanomaterials originated from oligo-/poly-aniline for a multitude of potential applications, 
including tissue engineering, electrochemical, and chemical sensoring. Two technological 
innovations illustrated include: 1) the synthesis of electrically conductive polymer, 
polyaniline and its low molecular-weight analogues and 2) sol-gel derived organosilica 
with designed electroactive functionality and well-ordered nanostructures. Polyaniline has 
been widely studied in many areas over the past decades due to its unique intrinsic 
physiochemical properties, such as ease of preparation, lightness, high environmental 
stability, and protonation non-redox doping ability. The disadvantages of polyaniline, 
however, are ascribed to be its poor mechanical properties and thermal stability compared 
to conventional metals and semiconductors. Moreover, its low adhesion onto inorganic 
surfaces leads to low durability in coating technology. It is thus highly desirable to combine 
the positive attributes of ‘flexible’ organic polyaniline and ‘rigid’ inorganic matrix to 
achieve electrically conductive/electroactive organic-inorganic hybrid materials.  
The work can be divided into two main parts. The first is the design and preparation of 
electroactive precursor materials with the desired electrochemical properties and structure. 
In this part, various electroactive nanomaterials based on novel precursor TSUPQD and 
ATQD were successfully fabricated via facile synthetic chemistry and sol-gel processing. 
In addition, the technique of electrospinning was employed to prepare electroactive and 
biocompatible nanofibers mats. All obtained compounds and materials were well purified 
and characterized using a number of spectroscopic, microscopic and specific 
characterization techniques. The other progresses were made on combining separately 
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developed techniques to explore the potential applications in many interesting research 
areas. The investigation conducted in this dissertation is summarized with more details in 
the following sections, and suggestions for future projects will also be given to achieve 
further success on all above-mentioned areas.  
 
8.1. NOVEL ELECTROACTIVE SILSESQUIOXANE PRECURSOR, TSUPQD, 
ATQD, AND HIGHLY CONDUCTIVE POLYANILINE  
Starting from scratch, a novel electroactive silsesquioxane precursor TSUPQD and its 
analogue ATQD were successfully synthesized using one simple coupling reaction between 
emeraldine base form of amino-capped aniline trimer and triethoxysilylpropyl isocyanate 
under inert environment. The significance of this organo-bridged compound is to provide 
an innovative approach to uniformly integrate ‘synthetic metals’ into extensively used 
silicon oxide frameworks through acid/base-catalyzed hydrolysis and condensation 
reactions. A large variety of analytic characterization measurements were conducted, 
including nuclear magnetic resonance, mass spectrometry, UV-Vis, infrared spectroscopy, 
elemental analysis, thermogravimetry analysis, differential scanning calorimetry, X-ray 
diffraction, cyclic voltammetry, optical microscopy, and electron microscopy. The results 
indicate that the moisture-sensitive alkoxysilyl group substituted for the aromatic amine 
end group and was well retained after recrystallization process in the solvent of acetone. 
The strategy employed in this study could also be applied to other amine-capped organic 
species or incorporate the electroactive moieties into other metal oxide frameworks. It is 
also noteworthy that one-side modified compound ATQD has heterogeneous end groups 
and showed the great potential in surface functionalization and patterning of glass substrate 
and silica nanoparticles. 
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Similarly, high performance polyaniline was prepared via self-dispersed interfacial 
polymerization in the presence of dimeric aniline species. The aromatic additives were 
believed to effectively accelerate the polymer chain propagation by avoiding the initial 
rate-determining step. Additionally, PANI chains grown in the interface rapidly lose 
solubility in both aqueous and organic phase when molecular weight is high and  
consequently self-stabilize heterogeneous reaction systems as they diffuse away from the 
reactive forefront. The PANI produced in this study showed enhanced performance 
compared to those prepared using conventional methods and thus possesses a great 
potential for the applications requiring high conductivity, such as plastics electronics. 
 
8.2. ELECTROACTIVE NANOSTRUCTURED ORGANIC-INORGANIC HYBRID 
MATERIALS 
First, the surfactant-templated method was used to afford an electroactive hexagonally 
patterned nanoporous silica matrix. Cationic surfactant, CTAB, assembled into micelles in 
aqueous system under alkaline condition (owing to the addition of ammonia) and were 
encapsulated by the pre-hydrolyzed silica precursor TEOS along with TSUPQD. After 
extraction of the templates in acidic alcohol solution, the resultant nanoporous organosilica 
exhibit large pore size, uniform pore distribution, high surface area and total pore volume. 
By adjusting template molecules and experimental conditions, such as molar ratio of silica 
precursors, pH values, concentration of the surfactant, temperature, and volume ratio of 
solvents, the structural tortuosity can be correspondingly tuned. More importantly, 
electroactive behavior of the sol-gel derivitized organosilica was well maintained, as 
indicated by the results from cyclic voltammetry. Owing to the rapid electrolyte diffusion 
and electron hopping facilitated by porous structure, nanoporous materials are more 
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promising candidates in electron transfer between working electrode and redox centers 
than those nonporous counterparts. 
Second, self-assembled monolayers were grown on a glass substrate using precursor 
ATQD. The RCA cleaning process before functionalization enabled the minimization of 
surface defects and generation of more available silanol groups. The clean wafer was then 
covalently grafted by electroactive aniline trimer units through a silanoate bond with a free 
aromatic amine group on the outer surface for further functionalization. The process of 
modification was monitored by AFM and optimized by tuning the concentration of ATQD 
solution, pH, temperature and reaction time. The as-formed monolayers erected 
perpendicular to the glass surface and were stabilized by inter-molecular hydrogen bonding 
and Van Der Waals force. The mean height of the monolayers was observed to be about 3 
nm and the density of available amine groups after 24 hrs modification was approximately 
25x10-7mmol/sample using a biotin-labeling method. 
Third, three-dimensional nanofiber mats made of the blend of a natural polymer, gelatin, 
and synthetic polymer, polyaniline, were successfully prepared via electrospinning. 
Electrospinning is an increasingly popular technology used to create nanofibers because of 
its simple, rapid, and inexpensive nature. Although the electrospinning technique was 
invented decades ago, it was not widely applicable until very recently. When voltage 
applied is sufficient to overcome the surface tension of the polymer drop at the syringe tip, 
a jet is produced and collected on the metal cathode plate. The resultant PANI/Gelatin 
nanofibers were observed to be elastic by mechanical tensile testing and were uniform in 
size, as characterized with SEM. The DSC and SEM analysis also revealed that there was 
no evidence of  phase separation in the process of electrospinning blend solution and the 
average fiber size reduced from ~800 nm to ~60 nm with increasing the amount of PANI 
(from 0 to ~5% w/w). 
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8.3. APPLICATIONS OF ELECTROACTIVE NANOMATERIALS  
One significant achievement demonstrated in this dissertation is the exploration of the 
potential use of electroactive/electrically conductive nanomaterials as biocompatible 
scaffolds for tissue engineering purposes. The motivation of culturing cells or tissues onto 
conducting polymeric substrates is based on our rationale that electrical stimulus could tune 
morphology and function of the anchorage-dependent cells through the specific interaction. 
In comparison with previously reported two-dimensional polyaniline films, the newly 
designed monolayers and nanofibers are more advantageous as far as the aspects listed 
below are concerned.  
1) No impairment on the conjugated aromatic structure and electron resonance. 
2) Ease of characterizing and optimizing nanostructure. 
3) Improved interaction between attached bioactive molecules and cultured cells. 
The results of biocompability tests, in terms of PC12 progenitor neuronal cells and H9c2 
cardiac cell attachment, proliferation, and differentiation (for neuronal cells), further 
strengthen our notions that the polyaniline-based substrates could function as useful 
matrices for supporting cell growth. Furthermore, a significant phenomenon was observed 
on the PC12 cells that the electroactivity from the novel monolayers may contribute to the 
cell differentiation as an effective stimulus, which is in line with recent observations in our 
other studies.  
Besides application to tissue engineering, new electroactive precursors have also been 
developed to derivatize silica nanospheres’ surface.(Appendix B1) The preliminary results 
showed that by varying the particle size, surface area, precursor species (ATQD or 
TSUPQD) and organic dopant, the particles could be tuned to exhibit multiple colors. The 
resultant silica particles are very stable in the common organic solvents (ethanol, 
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chloroform, etc.) and well dispersed on the substrate (e.g., paper) so that they could 
possess the great potential as ink materials. Furthermore, when fluorescent protonic acids 
are used to dope the surface-functionalized silica spheres, such as 8-anilino-1-
naphthalenesulfonic acid (ANS), 6-(p-toluidino)-2-naphthalenesulfonic acid (2,6-TNS), 5-
(dimethylamino)-1-naphthalene-sulfonic acid (DNS), the emeraldine salt form of 
nanospheres tends to be luminescent under the 365 nm UV light. Due to the high sensitivity 
of fluorescence, these particles can be used to detect the presence of toxic compounds, 
hydrazine and its derivatives, which are also strong reducing agents enabling the transition 
of particles from emeraldine state to leucoemeraldine state. 
I also have managed to incorporate the polyaniline into newly developed poly (HEMA-
GMA-silica) hybrid materials, which showed the strong mechanical properties (modulus, 
yield stress and compressive strength) dependent upon silica content and some degree of 
electrical conductivity relevant to the addition of the aniline moieties. (Appendix B2) 
Although the excessive amount of polyaniline impairs the hardness of the obtained 
composite, a good compromise between the mechanical features and the specific functions 
can be achieved and thus make this multi-component organic-inorganic hybrid material as 
a promising candidate for the purpose of electrochemistry.  
8.4. FUTURE DIRECTION 
In an aim to further optimize the performance of these fabricated electroactive 
nanomaterials and explore more potential applications, there are still some efforts to be 
made on the following aspects:  
• Applying the similar strategy to incorporate more amino-capped oligoaniline 
moieties into silica matrix and exploring a better balance between chemical 
processibility and electroactivity of the obtained silsesquioxane precursors. 
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• Better control over the porosity and electroactivity for novel periodic 
mesoporous organosilica prepared using the surfactant-templated synthesis with 
a larger diversity of surfactants (anionic, copolymer). Additionally, due to the 
biofriendly nature and the ease of template extraction, non-surfactant molecules 
are worthwhile being employed as templates to control the pore parameters. 
• Owing to the doping/dedoping mechanism, the surface charge in the pore 
channel and electroactivity of PMOs can be simply switched on/off, and thus 
they possess promising potentials as “intelligent host” for adsorbing/releasing 
“guest molecules”. Consequently, controlled drug/protein delivery purposes can 
be achieved. 
• Growing self-assembled monolayers on the surface conductive ITO wafers and 
studying the direct effect of electric stimulus on the adhesion, proliferation and 
differentiation of PC12 neuronal cells or other excitable cells. 
• Systematically exploring the chemical sensoring application of fluorescent silica 
nanospheres with the concerns of sensitivity, selectivity, and durability. 
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Appendix A: Micropatterning Vertically Aligned Carbon 
Nanotube-Based Amperometric Biosensors for Ex-vivo 
Determination of Choline and Acetylcholine 
 
(An Independent Research Proposal Defended and Passed On December 8th, 
2005 in Partial Fulfillment of the Requirement for the Ph.D. Candidacy) 
 
A.1. ABSTRACT 
Acetylcholine, a well-known neurotransmitter liberated at nerve endings, is crucial in 
brain signaling transportation and important in stimulation of muscle tissue. 
Acetylcholine can be hydrolyzed to choline and acetate by the enzyme 
acetylcholineterase (AChE). Interestingly, the metabolite choline is the source used in the 
body to produce acetylcholine and itself is an extremely important structural element of 
cell membranes. The direct determination of choline and acetylcholine from extracellular 
fluid (ECF) is at present a challenge due to their low concentrations and interference from 
plural and oxidisable neurotransmitters. A convenient method of determination with both 
high selectivity and sensitivity is in great need. This proposal designs an easy-operated 
amperometric microbiosensor to discriminate acetylcholine and choline from 
interferences.  
Carbon nanotubes (CNT) are outstanding candidates for microbiosensors due to their 
unique physical and chemical properties. They are suitable for fabricating nanoscale 
electronic devices and are nontoxic to living cells. In particular, the ability of CNTs to 
promote electron-transfer reactions of hydrogen peroxide, the electrochemically 
detectable product, offers great promise in oxidase-based amperometric biosensors. A 
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major barrier to the fabrication of CNT-based biosensors is the insolubility of CNTs in 
all kinds of solvents. This highly limits their processibility. 
The objective of this proposal is to fabricate a novel CNT-based glassy carbon 
electrode modified with co-immobilization of two enzymes choline oxidase (ChO) and 
AChE, to detect the content of choline and acetylcholine under ex-vivo conditions. 
Nanosphere lithography (NSL) followed by reactive ion etching (RIE) is used to modify 
the surface of a freshly polished glassy carbon electrode into hexagonal patterns. 
Polystyrene (PS) cores are coated by multiple polyelectrolyte (PE) layers containing 
poly(diallyldimethylammonium chloride) (PDDA) and ChO through a layer by layer 
(LBL) technique. Thereafter, the open area on electrode surface coated with gold is 
passivated with mercaptopropionic acid (MPA). After the extraction of the PS particles 
by sonication, soluble single-walled carbon nanotubes (SWNTs) wrapped by ionic 
peptide amphiphiles are infiltrated into truncated PE shells and vertically self-aligned, i.e. 
they do not lay down due to inadequate room and electrostatic effects. Finally, AChE is 
attached to carbonyl groups of the gold-coated area via cleavable covalent bonds.  
In this method, proteins and carbon nanotubes are simultaneously patterned into one 
single electrode and measurements can be carried out at low potentials with high 
sensitivity. Furthermore, modification of functionality can alter the selectivity, thus 
making this novel amperometric biosensor suitable for other biomolecules. 
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A.2. INTRODUCTION 
Biosensors are devices that use biological molecules to detect the presence of various 
chemicals in analytes and then convert signals to visually observable responses through 
transducers. Two aspects must be taken into consideration when designing a biosensor: 
the effective immobilization of sensing elements (enzymes, cells or other bioactive 
molecules) and the type of transducers utilized. The recent evolution of biosensor design 
is largely affected by the evolution of the transducers, in terms of easier operation and 
improved sensitivity. Among all types of transducers, electrochemical transducers 
immobilized with specific enzymes have shown great performance with both high 
selectivity and sensitivity when utilized for those most sensitive optical biosensors.1 
(Figure B2-1) 
There are three types of electrochemical transducers used in the construction of 
biosensors as described below.  
(a) Potentiometric transducers. This type of transducer measures the electric 
potential of a cell at zero current. The correlation is that the applied potentials 
are proportional to the logarithm of the concentration of the substance being 
determined.  
(b) Voltammetric transducers. Voltammetric transducers are used to study the 
oxidation or reduction of the analyte by increasing or decreasing the applied 
potential. One detectable peak current can be observed through such process. 
The peak current value is directly proportional to the concentration of the 
electroactive substance in the cell. If the oxidation of reduction potential is 
known, one may step the potential directly to that value and observe the 
current. This is called an Amperometric transducer. 
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Figure A-1. Schematic layout of a biosensor with an electrochemical transducer 
(c) Voltammetric transducers. Voltammetric transducers are used to study the 
oxidation or reduction of the analyte by increasing or decreasing the applied 
potential. One detectable peak current can be observed through such process. 
The peak current value is directly proportional to the concentration of the 
electroactive substance in the cell. If the oxidation of reduction potential is 
known, one may step the potential directly to that value and observe the 
current. This is called an Amperometric transducer.  
(d)  Conductimetric transducers, detect the conductance change associated 
with biological reactions in ion-containing solutions. 
The selection of transducer is mainly based on the type and quantity of species 
obtained via simple biochemical reactions. For example, when H+ is delivered, a pH 
electrode, one type of potentiometric transducer, can be used; when H2O2 is formed, the 
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amperometric transducer is recommended due to its capability in electron transfer; when 
ammonia or carbon dioxide is produced, the corresponding gas sensor is the best choice. 
Amperometric sensors have been studied for a long time and are becoming 
increasingly attractive due to their simple operation, good efficiency, and low cost.2 High 
versatility of electrodes makes this kind of electrochemical sensor more applicable in 
analyzing a large variety of substances. For instance, enantioselective membrane 
electrodes have been constructed as chiral selectors3, which show higher sensitivity for 
enantiomer recognition than capillary zone electrophoresis, the best chromatographic 
technique by far. 4  In addition, high reliability in obtaining response characters and 
analytical information makes amperometric sensors promising in biosensor designs. It 
has been shown that the best electrochemical transducer type that can be utilized in the 
biosensors construction is the amperometric because it has the best coupling with 
enzymatic reaction.5 
A.2.1. Applications of Carbon Nanotubes in Biosensor Design 
Figure A-2. Structure of carbon nanotubes 
A carbon nanotube (CNT), a new and attractive member of the carbon family, is 
composed of graphene sheets (honeycomb lattice of SP2 carbon atoms) rolled into closed 
cylinders with 2 to 25 nm diameter, and can be divided into single-wall carbon nanotube 
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(SWNT)6 and multi-wall carbon nanotube (MWNT)7 (Fig.2). MWNTs are composed of 
concentric SWNTs.  Intensive studies on CNT stem from their unique geometric, 
mechanical, electronic, and chemical properties.8 The one-dimensional tubular structure 
of CNT extends the research field of nanomaterials. Researches are focused on exploring 
and exploiting their wide potential applications9, such as the application of SWNT as tips 
in scanning probe microscopy10 and as field-effect transistors.11  
The unusual electronic structure of both SWNT and MWNT make them extremely 
promising for component of chemical sensors and nanoscale electronic devices. CNT can 
behave as a semiconductor or even possess metallic behavior 12 , suggesting a good 
potential to serve as transducers. Recent research showed that using CNT to modify 
electrodes can promote electron-transfer reactions, thereby acted as an electrocatalyst 
toward important biomolecules, such as cytochrome c 13 , NADH 14 , hydrazine 
compounds 15 , and hydrogen peroxide 16 . The significantly improved performance is 
attributed to special properties of CNT such as the large specific surface area and the 
abundant functional groups on it. It has been reported that a carboxylic SWNT film 
formed on a glassy carbon electrode shows very steady electrochemical behavior, so the 
miniaturization of electrodes can be achieved.17 Particularly, the electrocatalytic property 
of CNT dramatically enhances the redox activity of H2O2, which favors to fabricate novel 
oxidase-based amperometric biosensors with low-potential amperometric measurements.  
Unfortunately, a major hindrance for the application of such attractive nanoscale 
devices is the insolubility of CNT in all kinds of solvents. 18  To improve the poor 
processibility of CNT in water, the medium for most biochemical reactions, CNT needs 
to be modified chemically. Covalent chemistry can effectively enhance the solubility of 
CNT by modifying its fullerene-like end19 or graphitic wall20. This approach remarkably 
impairs CNT’s physical properties, however, because it potentially disrupts the sp2 
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hybridization of the carbon atoms and thus changes the inherent properties.21 Polymer 
wrapping is a good approach to handle CNT complex without the risk of destruction. The 
mechanism involves a high thermodynamic driving force to mediate the interface 
between the tubes and their aqueous surroundings.22 Most of the polymers used are 
organic polymers, however, and lack biocompatibility with live biomolecules, which 
limits their potential applications on both in-vivo and in-vitro measurements. Therefore, 
an appropriate method to integrate CNT into biological systems without any chemical 
modification is important, interesting and challenging.  
 
Figure A-3. Vertically aligned CNT 
To achieve the above-mentioned goals, it is highly desirable to prepare aligned and 
micropatterned CNTs (Fig. B2-3) so that the exceptional properties of individual 
nanotubes can be easily accessed and they can be incorporated effectively into nano-scale 
devices. Additionally, the prospective of interests in biosensor and microarray 
development is similar to that of patterning proteins on solid surfaces, which has received 
considerable attentions in the research community23. The miniaturization of proteins 
provides a single surface to carry multiple chemical and functional environments, such as 
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increased sensitivity for simultaneous biomarker assays.24 This has led to an upsurge of 
research on enzyme-based biosensors utilizing CNTs. Aligned carbon nanotubes have 
been prepared either by synthesis-induced alignment or by post-synthesis fabrication. Dai 
and his coworkers have produced patterns of perpendicularly aligned carbon nanotubes 
by growing nanotubes on a partially masked surface via the pyrolysis of molecules 
containing both the metal catalyst and carbon source required for the nanotube 
growth.25,26. In their work, however, the nanotube growth processed at high temperatures, 
which may not be suitable for polymer films or other substrates. Although less discussed 
aligning CNT post-synthesis is attractive, they still need chemical modifications to 
introduce end-functional groups so that CNTs can self assemble onto the prepatterned 
substrates. SWNTs modified with multiple hydroxyl groups were produced through a 
simple mechanochemical reaction, which presented a favorable hydrogen-bonding 
interaction for self-assembly. (Fig. A-4)  27  
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Figure A-4. Self-assembling process driven by H-bonding (Left) and its cross-
section view (Right). 27 
A.2.2. Choline and Acetylcholine 
 In neurology, synaptic transmission refers to the propagation among nerve impulses 
via the release of chemicals called neurotransmitters stored in vehicles. Acetylcholine, 
located at nerve endings, is one of the earliest neurotransmitters discovered. It is crucial 
in brain signaling transportation and even important in stimulation of muscle tissue. In 
addition, it plays a significant role in maintaining cognitive function and is well known to 
be in abnormally short supply in the brains of those suffering from Alzheimer's disease.28 
Acetylcholine can be produced from choline catalyzed by the synthetic enzyme, Acetyl-
CoA, and can be hydrolyzed into acetate and choline by acetylcholineterase (AChE) (Fig. 
A-5). 
 
Figure A-5. Interconversion between choline and acetylcholine 
Choline, the metabolite of acetylcholine, exists mostly in the form of 
phosphatidylcholine (lecithin). Only a small fraction stays as free choline. Choline is the 
source used in body to produce acetylcholine and is itself an extremely important 
structural element of cell membranes. Choline can be found in many human-consumed 
foods. It is noteworthy that a deficiency of choline in cell culture leads to apoptosis, 
programmed cell death.  
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Because of the critical roles of choline and acetylcholine in biological systems, there 
is a growing demand for cheap, fast, and effective methods to determine their contents in 
physiological environment. Several methods have been developed using gas 
chromatography29and radiolabelling techniques30. The main problem with these methods 
is that they usually require large amounts of analyte and specific enzymes, thus they are 
not economically efficient. Enzyme-based amperometric biosensors offer several 
advantages over conventional ones. It performs electrochemical measurements rapidly 
and easily based on the oxidation of hydrogen peroxide occurring at certain potentials 
and gives a correlation between concentration and current. The current generated from 
the oxidation of hydrogen peroxide is linearly related to the concentration of choline. 
Acetylcholine can be converted to choline enzymatically by the enzyme AChE. The 
oxidation current is then proportional to the concentration of acetylcholine. In situ 
determination of acetylcholine and choline from fluctuating extracellular fluid still 
remains as a challenge, however, because the bias signals from other oxidisable 
interfering compounds can severely reduce its reliability.  
Therefore, effective amperometric biosensors which can significantly minimize 
interference without losing high sensitivity and efficiency are in great need.  
A.3. PROPOSED RESEARCH 
Carbon nanotubes have been shown to be excellent electronic promoters12 and used in 
several types of amperometric biosensors.13-16 Nevertheless, all of those sensors dealt 
with disordered nanotubes and none of them was used for real-time monitoring of choline 
and acetylcholine. Three criteria (as follows) are highly desirable to achieve better 
performance of amperometric biosensors utilizing carbon nanotubes: (a) aligned 
ensembles of carbon nanotubes, (b) improved solubility in biologically friendly media, 
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(c) maintenance of the intrinsic physical and chemical properties of CNT during sensor 
fabrication. In addition, micropatterned biosensor can carry more functionality and is 
suitable for quantitative bioanalysis and the fabrication of nano-scale devices. In this 
sense, the objective of this proposed research is to fabricate a novel micropatterned 
amperometric biosensor with the modification of vertically aligned carbon nanotubes via 
the immobilization of two enzymes. Importantly, single-wall carbon nanotubes wrapped 
with peptide amphiphiles are used to mediate electron-transfer and lower the 
overpotential applied at the working electrode as well as used as a permselective 
component to reject interferences. The novel modification endows the amperometric 
biosensor with several advantages over those conventional ones, such as a low detection 
limit, minimized interference from other oxidisable compounds, a rapid response, and 
low cost. 
A.3.1. THEORETICAL CONSIDERATIONS 
Electrode used as a substrate for micropatterning of CNT and enzymes: The glassy 
carbon electrode (GCE) is chosen in this proposal is, which consists mainly of amorphous 
carbon. GCE has been extensively used in electrochemical technologies31 due to its low 
cost, low background current, chemical inertness, wide applicability, and good 
biocompatibility32. In addition, well-established procedures are available to modify the 
electrode surface, yielding high reproducibility33. Because the surface properties of GCE 
may vary over time, it is necessary to polish the electrode surface in order to reveal a new 
layer before modification or direct measurement. This step ensures an even coverage and 
facilitates the self-assembly of the close-packed monolayer.   
A.3.1.1. Fabrication Techniques for Micropatterning 
     
260 
 
The fabrication of periodic arrays of materials with micrometer- or nanometer-sized 
patterns is of academic and industrial importance and has been widely applied in optical 
devices34, miniaturized sensors35 and separations36. A variety of techniques have been 
developed to fabricate ordered arrays of materials. The leading nanotechnologies to build 
sub-micro devices are electron beam lithography (EBL) 37  and dip pen lithography 
(DPL)38. Although electron beam lithography produces good spacing control and high 
resolution, it is not suitable for mass-production due to its high cost and long process 
time. Dip pen lithography is a scanning probe nanopatterning technique in which an AFM 
tip is used to deliver molecules to a surface and the molecules can be imaged and 
manipulated precisely on sub-100nm scale. It is limited by serial patterning modes and 
the complexity of technical set-up as well as the preparation of specific tips and inks. 
As a consequence of the aforementioned limitations, alternative parallel techniques 
are sought that are fast, low cost and capable of producing patterns with high resolution 
over a large area. Nanosphere lithography (NSL), one of the so-called ‘natural 
lithography’ techniques 39 , is inherently a versatile, high-throughout, low-cost, and 
parallel technique which uses ordered arrays of polystyrene as masks or templates. The 
mask employs a thin layer of self-packed colloidal particles for lithographic steps. One 
important feature of this method is the long-range order on the plane parallel to the 
electrode surface. NSL is a powerful tool to produce well-ordered 2-D nanoparticle 
arrays in which metals or other precursors can be filled into the interstitial space among 
the hexagonally close-packed nanospheres before the removal of the mask.  
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Figure A-6. Schematic representation of PE thin shells and interstitial space40 
Recently, one interesting and useful feature was added to NSL by coating polystyrene 
nanoparticles with multiple polyelectrolyte (PE) layers. Figure A-6 shows that after 
solvent extraction of the nanosphere cores, the hexagonal pattern is retained since the 
charged interconnecting polyelectrolyte hollow spheres (shells) remain in contact with 
neighboring shells, which can be used as templates for assembling of charged precursors. 
Template-directed electrochemical polymerization of conducting polyaniline was carried 
out successfully by making use of the hollow spherical area of hexagonally arrayed PE 
shells 41 . It was reported that hollow spheres inside PE shells were obtained after 
removing PS nanoparticles. The resultant structure was then brought into the precursor 
solution of aniline hydrochloride. Rather than being attached to the interstices, those 
positively charged aniline monomers were attracted by negatively charged outmost PE 
layers and infiltrated into the hollow spheres within the PE thin shells. This phenomenon 
thus affords a new and simple approach for nano-scale designing and lithographic 
patterning of surfaces.  
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Despite the advantages in terms of simplicity and high resolution, NSL suffers from 
several well-documented problems42, including small interstitial vacancies and restricted 
geometry. For a monolayer, the only structure formed is hexagonally packed pattern and 
the interstitial area is limited and can be only controlled by the size of nanoparticles used. 
A supplemental technique, reactive ion etching (RIE), has been combined with NSL to 
improve the performance although imperfections in the array still exist43. The added 
process of RIE can reduce the dimension of the nanospheres while keeping the hexagonal 
patterns because the center-to-center distance won’t change with etching. The duration of 
etching can govern the extent of the dimension produced. As a consequence, this 
improvement extends the choices for selecting the size of nanospheres as one can control 
the size more arbitrarily with subsequent dry etching steps. 
 
Figure A-7. Reactive ion etching at different time periods (Left: 6mins; Middle: 
14mins; Right: 20mins) on nanospheres44  
Here, I am proposing to utilize a combination of both construction of PE shells and 
RIE treatment to tune the size and shape of patterns in NSL. After the removal of the PS 
nanospheres, the patterned area can be divided into two different regions, the interior 
space of PE shells and the interstitial space among these PE shells. The thickness of PE 
shells can govern the filler loading amount, which directly influences the performance of 
the as-made amperometric biosensors. It has been shown xli that upon rupture of apex of 
PE coating, PE shells expand to some extent, leading to slight increase on thickness of 
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shells. Consequently, the thickness of the filling material in NSL is thinner than the 
diameter of the nanosphere. On the other hand, the interstitial area, whose size is 
controlled by RIE process, can be modified by first depositing a thin layer of gold and 
then a covalent immobilization of enzymes. Therefore, in this way, one can readily 
control the dimensions of the interconnected ring-like structures by simply altering both 
the number of PE layers coated and the diameters of the nanosphere used.  
A.3.1.2. Layer by Layer (LBL) Technique 
The major interactions involved in physical immobilization of biomolecules onto solid 
substrates are a) hydrophobic effect, b) hydrogen bonding, c) electrostatic effect. 
Conventional approaches for enzyme immobilization on electrode surfaces have focused 
on direct adsorption45 and entrapment by polymer films46. The direct adsorption method 
suffers from weak interaction forces, while the entrapment by polymer films shows low 
accessibility to enzymes. The layer-by-layer assembly method has been shown suitable 
for immobilizing and orienting enzymes without denaturation. The LBL technique makes 
it possible to fabricate nanocomposite enzyme electrodes simply by sequentially 
adsorbing polycationic polymers on enzymes which are often polyanions at neutral pH. 
Typically, LBL employs the adsorption of molecules carrying opposite charges more than 
the charge on the inner layer, which is essential for subsequent adsorption of counter-ions 
and the repulsion of same charged molecules ensures the self-organization to one single 
layer. Most important for manipulating a biosensor, this technique can be carried out 
under mild pH and temperature conditions , so that the bioactivity of the enzyme can be 
maintained. Other advantages come from its simple operation, the large range of polyions 
that can be used, and its capability of forming even individual layers with molecular 
thickness.  
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In this proposal, I am concerned with fabricating a novel-designed amperometric 
biosensor to detect choline and acetylcholine. Choline oxidase (ChO), the catalyst for the 
oxidation reaction of choline, is an extremely important component of this biosensor. 
With the isoelectric point at 4.5, ChO can be used as polyanion at the desired pH (about 
7.5), where it shows optimal activity for the enzymatic reaction 47 . Meanwhile, 
Poly(diallyldimethylammonium chloride) (PDDA) is chosen as the polycation due to its 
easy commercial availability with low cost (~$20/L). The starting colloidal particles used 
for creating monolayer arrays are carboxyl-terminated polystyrene nanospheres with 
specific diameters of ~600nm. LBL technique is introduced to create PE shells consisting 
of alternative PDDA/ChO thin layers around nanosphere templates. The LBL-applied 
deposition of ChO on electrode has been investigated48. But no work has involved the 
immobilization of ChO into PE shells, in which way multiple layers of ChO should have 
a direct action towards their target analyte. To optimize the loading of ChO on the 
electrodes, the number of ChO layers can be increased stepwise with each corresponding 
output current of the sensors to choline measured and compared. 
A.3.1.3. Peptide Amphiphiles-Functionalized SWNT 
As mentioned before, from the standpoint of processability, CNT’s insolubility in all 
kinds of solvents presents a barrier towards lots of potential applications. Covalent 
modification with organic functional groups at the fullerene end or sidewall of CNT can 
dramatically increase the solubility. For instance, SWNTs pre-treated with uniformly 
distributed free amino groups on the surface have been functionalized with bioactive 
peptides through amide bond49. This highly soluble conjugate is immunogenic and shows 
promising applications for diagnostic purposes. Unfortunately, the modification may lead 
to some impairment on CNT’s physical properties. By contrast, although physical 
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wrapping can retain CNT’s unique electronic property, the wrapping materials used are 
normally non-charged and not biocompatible under biological environments.  
I choose SWNTs as materials for the working electrode as SWNT is a well-defined 
system in terms of electronic properties and MWNTs have more structural defects which 
would induce the oxidation of the nanotube ends to carboxyl-modified form. It is of 
considerable interest to find an approach which can not only solve the solubility problem 
but also modify CNTs with negative charges so that the CNTs can be absorbed into the 
vacant space inside the PE shells. Intrinsically advantageous properties render peptide-
amphiphiles (PA) to be a good candidate to employ in the new approach. PA is a group of 
peptides containing both hydrophobic and hydrophilic regions. It can reduce the 
interfacial tension between water and hydrophobic surfaces, thus improve the solubility 
for non-polar organic molecules.  Similar to lipids with ionic head groups, PA can self-
assemble into macromolecular structure in water, resembling synthetic or biological 
polymers 50 . Stupp and coworkers recently designed several derivatives of peptide-
amphiphile molecules, having a bulk hydrophilic head group along with a hydrocarbon 
tail. These PAs can be self-assembled into nanofibers reversibly with pH changes in 
aqueous condition51. In this process, the alkyl tails provide a hydrophobic driving force 
for the self-assembly. The hydrophobic effect was later applied to functionalize the 
carbon nanotubes, by which the strong van der Waals interactions leading to aggregation 
among individual CNTs were disrupted 52 . Such PA-wrapped CNTs have shown 
substantial enhancement of the solubility. This effect is easily detectable even by naked 
eyes.  
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Figure A-8. Structure of peptide-amphiphile used in solubilizing CNTliii 
The modification of CNTs by peptide-amphiphile has several advantages as follows: 
a) the procedure of solid-phase peptide synthesis has been well established, which 
provides high flexibility in designing and synthesizing the desired sequences of peptide-
amphiphiles, b) PA-CNT complex can be highly soluble in water. The solubility can be 
controlled by simply adjusting the net ionic charge of peptide segments at appropriate pH 
conditions as ionic repulsion plays a key role in keeping the complex from aggregation, 
c) the intermolecular interactions among PA chains wrapped around individual CNTs, 
such as hydrogen bonding, van der Waals interactions, and repulsive steric forces, are 
favorable to regulate the order of CNT bundles, d) the thiol groups from cysteine 
moieties can be used to form intermolecular crosslinks through disulfide bonds and yield 
pH-stable complexes with enhanced physical and chemical robustness. e) peptide 
amphiphiles are immunogenic and can be further functionalized with certain biologically 
active sequences during the synthesis. These advantages satisfy the criteria required to 
incorporate individual nanotubes into designed space while improving their outstanding 
properties. Moreover, the uptake of certain protein-SWNT conjugates has been shown 
nontoxic to live cells53, which makes PA-CNT complexes novel biomaterials for potential 
in-vivo applications. 
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In fabricating the proposed novel glassy canbon electrode, the hexagonal ordered PE 
multilayers consisting of oppositely charged PDDA and ChO are well suited for the 
deposition of PA-CNT complexes. The PE modified GCE is brought into contact with 
PA-CNT solution at near neutral pH, optimal condition for most biological molecules. 
The outer-most layer of PE shells, with positive charges, attracts the negatively charged 
PA-CNT complexes by electrostaticly. PA-CNTs eventually infiltrate into the vacant core 
space given that the inner-most layer also positively charged. Because the CNTs used in 
this proposal have micro-scale lengths while the inner space of PE shells only has a 
diameter of less than 600 nm, CNTs cannot lie down. Instead, they will be vertically 
aligned with the aid of the inner-most PDDA layer of PE shells. The ensembles of CNTs 
have intra-structural regulation guided by ionicly charged PAs wrapped around. Finally, 
after the infiltrations finish, I2 solution is used to oxidize the cysteine moieties residing in 
PAs to afford intermolecular disulfide linkages.  
A.3.1.4. Mechanism and Performance of As-Fabricated Amperometric Biosensor in 
Detecting Choline and Acetylcholine 
The performance is highly related to two aspects, selectivity and sensitivity. 
Selectivity refers to the extent to which a sensor can discriminate a target analyte from 
the interference from other compounds.  Enzyme-based biosensors possess intrinsic 
selectivity coming from the specific enzymes immobilized. Amperometric sensors are 
highly susceptible to interferences. Permselective polymers have been used as 
discriminating membranes to reject the interferences from other oxidisable substrates, 
such as ascorbic acid, while maintaining a high permeability to some small molecules 
such as H2O2. The permselective polymer layers result in prolonged response time and 
lower sensitivity due to the limitation of diffusion. When permselective polymer layers 
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are formed through the process of enzyme and monomer copolymerization, high 
wastage of immobilized enzymes may occur54.  
 
Figure A-9. Reactions involved in the detection of acetylcholine and choline   
In this proposal, vertically aligned and micropatterned SWNTs are utilized to improve 
both selectivity and sensitivity of amperometric biosensors in the detection of 
acetylcholine and choline present in extracellular fluid. First, the amount of enzymes 
immobilized onto the electrode surface should be optimized at the working pH condition. 
To achieve the best performance, the effect of ChO concentration will be studied by 
adjusting the number of ChO layers in PE shells, and the optimal enzyme amount 
corresponds to maximum response current. The pH value of the working condition may 
play an important role in response sensitivity as it affects the protonation state of enzyme. 
A pH range from 5.0 to 9.0 is scanned to locate the best condition, which should agree 
with the literature value, between 7.0 and 7.555.  
When a SWNT-modified electrode is used as working electrode and brought into 
fluid, positively charged acetylcholine and choline are more favorably attracted by the 
carbonyl groups from both the peptide amphiphlies around SWNTs and the thiolated 
segments (MPA) bound to gold-coated area, compared with two main interference 
compounds, existing in extracellular fluid, ascorbic acid and uric acid. This electrostatic 
effect, which inhibits the oxidation of interferences, makes an important contribution to 
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the anticipated improvement in selectivity for acetylcholine and choline. The resulting 
higher local concentration of choline and acetylcholine leads to more efficient chemical 
reactions catalyzed by immobilized enzymes, allowing more product, H2O2, to diffuses 
into SWNTs.  
To check the response characteristics of CNT-biosensor, standard amount of fluid to 
be analyzed is added successively to the phosphate buffer solution under stirring. A fast 
response is anticipated as easier diffusion of molecules towards electrode, which leads to 
increased sensitivity. Compared to bare electrode, SWNTs incorporated electrodes have 
larger specific surface area and the porous structure can absorb gas or other small 
molecules more easily56. Like brushes standing upright on the outer surface of electrode, 
SWNT bundles act as electrocatalysts by increasing the conductive area for those 
oxidisable components of fluid. H2O2 molecules can penetrate the porous layer of 
SWNTs and move towards the electrode more easily through conductive channels.  
All previous biosensors have used two separate working electrodes when two 
substrates, both choline and acetylcholine, are in need of detection. One is based on 
AChE+ChO while the other has ChO alone, with the signal difference accounting for the 
acetylcholine concentration. Furthermore, AChE cannot stay stable for a long time, which 
affects the reproducibility of the working electrode to some extent. The novel bi-
patterned biosensor proposed here possesses the potential to measure both substrates in 
one single electrode. Before attachment of AChE, the entire signal is associated with the 
content of choline in fluid. Then, AChE is covalently grafted into gold-patterned area via 
cleavable thiolate linkage. Similarly, the difference in signals between the measurements 
before and after addition of AChE can be used to derive the concentration of 
acetylcholine.
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Figure A-10. Experimental Scheme for fabricating the novel biosensor 
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A.3.2. EXPERIMENT CONDITIONS 
A series of simple step-wise experimental designs are described as follows: 
A.3.2.1. Electrode Preparation and Modification 
1) Prior to the surface modification, the glassy carbon electrode can be polished with 
alumnina slurries, washed with double-distilled water, and finally sonicated for several 
minutes.  
2) The deposition of spheres is carried out by dispensing a solution containing PS 
carbonyl spheres (600nm) onto the top surface of the glassy carbon electrode. 
Afterwards, the samples can be dried in an enclosed atmosphere at room temperature to 
yield a large-area monolayer. 
3) The next step in sample treatment is to place electrode into the chamber of a 
reactive ion etching unit and pump down a base pressure. Reactive ions generated are 
used in etching. After certain duration of etching, gold is deposited onto the interstitial 
space of the electrode surface by vaporizing pure Au targets in an electron beam 
evaporator. 
4) The patterned GCE electrode can be immersed in the mixture containing PDDA 
and KCl aqueous solution for approximately one hour to allow sufficient time for the 
deposition of PDDA onto PS spheres, then immersed in water and dried. The PDDA-
coated electrode is immersed in a ChO solution for the adsorption of one layer of 
enzyme. The above alternating procedures are repeated several times to obtain the layer-
by-layer assembly of ChO, ending up with rinsing with phosphate buffered saline (PBS, 
PH 7.4) to remove any weakly adsorbed PDDA. Removal of the spheres is achieved 
using toluene in an ultrasonic bath after the electrode is passivated with 
mercaptopropionic acid.   
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5) Prior to use, SWNTs (about 1µm in length) are dispersed in HCl solution for 
hours with the aid of ultrasonic agitation until the pH of the solution is approaching 7 and 
finally dried by air. The negatively charged peptide amphiphile used in wrapping SWNTs 
is prepared by the protocol developed by Stupp et allii using Fmoc solid-phase peptide 
synthesis. Encapsulation of SWNTs is achieved by dispersing SWNTs into diluted 
aqueous solution of PA via sonication. At neutral pH, PA has a net ionic charge which 
results in the repulsion among amino acids and keeps the nanotubes from aggregation. 
The following infiltration step can be carried out in placing the electrode with the 
resultant truncated shell structure into above PA solution encapsulated by SWNT. After 
being dried, the PAs around vertically aligned SWNTs within shells can be inter-
crosslinked via cysteine moieties. 
A.3.2.2. Characterization 
1) SEM: Scanning electron microscopy images can be made to explore the surface 
morphology of modified electrode. 
2) TEM: Transmission electron microscope can be utilized to study the physical 
morphology of PA-capped nanotubes and structure of PE shells. 
3) Measurement of enzyme activities: Free and immobilized ChO activities can be 
determined spectrophotometrically. A buffer solution containing choline chloride 
solution is incubated at room temperature in a spectrophotometer. The reaction can be 
initiated by appropriate amount of free ChO or immobilized enzyme. The apparent 
enzyme activity can be calculated from the absorbance value at 500nm.  
A.3.2.3. Electrochemical Measurement 
1) The electrochemical measurement is carried out in an electrochemical shell with a 
three-electrode configuration. Three electrodes are connected to a potentiostat. A 
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saturated calomel electrode and a platinum foil with a large surface are used as a 
reference and a counter electrode, respectively.  
2) Cyclic voltammetric experiments of hydrogen peroxide and interferences are 
performed with both bare GC electrode and SWNT-modified electrode by cycling the 
potential at a scan rage of 50mv/s. Comparison is made to check if there is any decrease 
in the overvoltage for the H2O2 redox reactions which allows convenient low-potential 
amperometric detection. The comparison is also made for ascorbic acid and uric acid to 
reveal the most appropriate applied potential. 
3) In a low electrode potential at which interfering reactions from ascorbic acid and 
dopamine can be minimized, a series of amperometric measurements can be carried out 
under batch and flow conditions in an electrochemical cell containing a phosphate-buffer 
(pH7.4) with supporting electrolytes. Effects of all factors (RIE time, PE layers and pH 
condition etc.) are studied and thus the compositions of novel GCE affecting the 
performance of the biosensor are optimized to give best sensitivity and selectivity. 
Calibration curves for choline in the presence and absence of practical amount of 
interference compounds can be made by the optimized microbiosensor to study 
improvement. Also, a successive addition of choline and acetylcholine onto buffer 
solution is used to study the response time. The effect of pH of working buffer and 
temperature for enzymatic biosensor are also explored to reveal the optimal conditions 
for bienzymatic activity. After pre-treatment by using standard solutions, the actual 
content of choline can be measured in the extracullar fluid ex vivo and be derived from 
the calibration curve.  
4) For the purpose of measuring acetylcholine of extracullar fluid, AChE is 
introduced with thiol groups by the coupling agent (N-succinimidyl-3-(2-pyridyldithio)- 
propionate (SPDP) and covalently linked with carbonyl group in the gold-coated area of 
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the electrode catalyzed by 4-dimethylaminopyridine (DMAP). The concentration of 
AChE can be deduced from the current difference before and after the attachment of 
AChE. The resulted thiol ester bond can be later on cleaved by specific enzyme and the 
novel electrode thus possesses a potential on multiple usage of future electrochemical 
measurements.  
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Appendix B: Preliminary Data for On-going collaborative 
work 
 
B1. Multicolor silica nanospheres coated by silsesquioxane precursor TSUPQD  
B1.1 Experimental section 
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Scheme B1-1. Synthesis of silica nanspheres coated by TSUPQD and doped by ANS 
B1.1.1. Synthesis of silica nanoparticles via Stober method 
In 1968, Stober et al.1 developed a method to synthesize mono-dispersed colloidal 
silica microspheres with tunable particle sizes. The sol-gel reactions took place under the 
alkaline condition (e.g., ammonia, etc.) with alkoxysilanes (e.g., TMOS, TEOS, etc.) as 
silicon sources, alcohols (e.g., MeOH, EtOH, etc.) as dispersion medium, and water used 
                                                 
1 Stober, W.; Fink, A. Controlled growth of monodispersed silica spheres in the micro 
size range. Journal of Colloid and Interface Science, (1968), 26, 62-69. 
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for pre-hydrolysis. The particle size can be controlled by changing the relative molar 
ratio of each reaction components. Typically, in the preparation of highly monodispersed 
silica spheres with size ~ 500 nm, 0.18 mmol tetraethoxysilane (TEOS) along with 5 
mmol distilled water and 7 mmol 25 wt% ammonium hydroxide solutions were added 
into 100 ml ethanol (reagent grade) and stirred at 30 oC for 2 h, resulting in the formation 
of while silica colloidal suspension. The silica particles were obtained from copious 
washing by ethanol and centrifuge separation.  
Mesoporous silica nanospheres were also prepared using non-surfactant templated 
approach developed in our previous study. The advantages of them over common 
surfactants are their biofriendly nature and the ease of removal. Natural compound 
fructose was added during the formation of silica spheres and the resultant surface area is 
correlated to the concentration of templates. (Scheme B1-1A) 
B1.1.2. Surface functionalization of silica spheres  
50 mg of organic alkoxysilane precursor, TSUPQD or ATQD, were added into the 
100 ml toluene suspension containing 500 mg silica spheres. The mixture solution 
refluxed for 3 h before centrifugically separated and washed by ethanol. Additionally, the 
fluorescent dopants (e.g., ANS, DNS, etc.) in a molar ratio of 2:1 to precursor were used 
to protonate the emeraldine base form of silica sphere. (Scheme B1-1B) 
8-Anilino-1-naphthalenesulfonic acid
(ANS) 5-(Dimethylamino)-1-naphthalenesulfonic acid
(DNS)  
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B1.2. Results and discussion 
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Figure B1-1. FT-IR spectra of control 200nm silica sphere 
(upper), EB form of TSUPQD-coated 200nm silica sphere 
(middle), and ANS doped form of 200nm silica sphere (lower) 
 
As shown in Figure B1-1, the main difference of each sample in the FT-IR spectra 
appears to be in the region of 1500-1700 cm-1. Due to the presence of aniline moieties, the 
coating of TSUPQD features the characteristic peaks at ~ 1500 cm-1 representing C-C 
stretching in benzene units and peaks at ~ 1600 cm-1 related to quinoid units. The peaks at 
~ 1700 cm-1 arises from the carbonyl bond in the ureido group (-NH-C(O)-NH-). With the 
doping of ANS, the enhanced relative intensity of benzene units and the absence of quinoid 
units were observed, indicating the protonation doping of emeraldine base.  
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Figure B1-2. TGA curves of control 200nm silica sphere (upper), 
EB form of TSUPQD-coated 200nm silica sphere (middle), and 
ANS doped form of 200nm silica sphere (lower) 
To investigate the thermal stability of the obtained silica spheres, TGA measurements 
were conducted in air. Consistent with our previous study, the TSUPQD-coated silica 
composites presents two stages of thermal degradations with a residue of 95.9 wt% SiO2 
survived from 800 oC. The electrostatically attracted dopant anions lead to further thermal 
susceptibility owing to higher organic contents. 
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Figure B1-3. UV-Vis spectra of control 200nm silica sphere (lower), 
EB form of TSUPQD-coated 200nm silica sphere (middle), and 
ANS doped form of 200nm silica sphere (upper) 
In comparison with control silica spheres, there emerged quinoid πb-πq transition peak 
at 560 cm-1 and π-π* peak at 320 cm-1 for TSUPQD-coated spheres in the UV-Vis spectra, 
meaning the functionalized particle is in EB form. Instead, the presence of bipolaron peak 
at 420 cm-1 clearly reveals that silica particles was doped by ANS and existed in the  
corresponding ES form. 
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Figure B1-4. Nitrogen adsorption/desorption isotherms for mesoporous silica 
nanospheres prepared by nonsurfactant-templating approach. Non-surfactant: Fructose at 
30 wt% (left) and 50 wt% (Right). 
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Figure B1-5. SEM images of mono-dispersed silica spheres 
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Figure B1-6. Multicolor silica nanospheres with color tuned by particle size, 
surface area, coating species, and the type of dopants. 
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Figure B1-7. Functionalized silica nanospheres uniformly dispersed on the paper, 
illustrating the potential as the ink materials. Upper: 200nm silica spheres coated with 
TSUPQD; Middle: 200nm silica coated with DNS-doped TSUPQD; Lower: 200nm 
silica spheres coated with ATQD. 
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Figure B1-8. Luminescence spectra of 1000 nm mesoporous colloidal solution doped with 
ANS. (λex=330 nm; λem=485 nm) 
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B2. Electrically conductive hybrid material, Poly (HEMA-GMA-Silica-PANI)  
B2.1. Experimental Section 
B2.1.1. Preparation of Sol A  
Novel organic-inorganic hybrid material poly (HEMA-GMA-Silica) (PHGS) was 
recently developed by our group and exhibited high performance on mechanical 
properties. The mechanical results of the obtained hybrids, in terms of compressive 
modulus, yield stress and compressive strength, were reported to be largely dependent on 
the silica content, which improved continuously with increasing silica content up to 25 
wt.%. For a typical preparation, 9g of tetrahydrofuran (THF), 21.8g of 2-hydroxethyl 
methacrylate (HEMA), 0.0625g of 2M HCl, 3.5g of distilled H2O and 13g of tetraethyl 
orthosilicate (TEOS) were added and stirred in a round bottom three necked flask at 60 
°C for 3 h. to allow silica precursor hydrolyze with HEMA. Complete removal of by-
product was carried out using a vacuum pump until 45-50% of the original weight 
remained. Subsequently, 14g of GMA containing 35mg of benzyl peroxide (BPO) was 
added to the reaction mixture and the remaining byproducts were again removed using 
vacuum until reaching a constant weight. Catalyst SnCl4 (3 µl)was then dropped into the 
result viscous sol under stirring.  
B2.1.2. Preparation of Sol B  
100 mg of emeraldine base form of polyaniline (Mw ~30,000) were dissolved in the 
100 ml THF and mixed with 1g of GMA after filtering off the insoluble macromolecules. 
With the aid of catalyst triethylamine, the reaction between epoxy group and aromatic 
amine group took place at 70 °C under N2 atmosphere for 3 h. Volatile organic solvent 
THF was then removed by vacuum to obtain dark colored sol B. 
B2.1.3. Synthesis of Electrically Conductive Hybrid Material Poly (HEMA-GMA-
Silica-PANI) 
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Sol A and B were mixed at different weight ratios in the glass vials and then quickly 
transferred  into Teflon molds to undergo the free radical polymerization and curing in 
three consecutive heating steps. Initially, the reaction mixtures were maintained at 65 °C 
for 15-18 h and then the temperature was increased to 85 °C for 2 h. Finally, the 
transparent polymer monoliths were annealed at 125o C for 2 h.  
 
Si
O
O
O
O
H3C
H3C
CH3
CH3
+ +
Tetraethyl orthosilicate
(TEOS)
2-Hydroxyethyl methacrylate
(HEMA)
Glycidyl methacrylate
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+
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OH
NH PANITEA
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Scheme B2-1. Two-step synthesis of Poly (HEMA-GMA-Silica-PANI): Sol A and 
sol B 
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B2.2. Results and Discussion 
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Figure B2-1. FT-IR spectra of each component for sol B 
FT-IR measurements were used to monitor the grafting of GMA onto polyaniline 
chains. It is noteworthy that the main difference among the characteristic peaks arises in 
the region of 3200-3600 cm-1. Unlike the blend of PANI and GMA, the GMA grafted 
polyaniline showed one broad band at 3400-3550 cm-1, which is attributed to the result of 
ring-opening of epoxy groups.  
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Table B2-1. Mechanical test results for PHGSA 2-10 and PHGSA 2-15 
N/AN/AN/AToo brittle1:2
126 ± 16.2125 ± 17.43.41 ± 0.07500:2500
170 ± 5.2167 ± 2.53.65 ± 0.41100:2900
183 ± 12.5172 ± 1.03.94 ± 0.0450:2950
209 ± 46.7166 ± 13.23.70 ± 0.1010:2990
255 ± 102167 ± 2.73.61 ± 0.09Control 
Peak stress
(MPa)
Stress at Yield
(MPa)
Modulus
(GPa)Sample (PANi:PHGS)
PANi-PHGS 2-10
 
PANi-PGHS 2-15
1681683.63300:2700
1241243.88100:2900
254 ± 53.3173 ± 1.13.85 ± 0.1150:2950
236 ± 67.4172 ± 3.93.90 ± 0.1830:2970
293 ± 27.9176 ± 1.73.90 ± 0.0710:2990
235 ± 61.2229 ± 70.03.97 ± 0.065:2995
235 ± 70.0180 ± 7.83.92 ± 0.06 Control 
Peak stress
(MPa)
Stress at Yield
(MPa)
Modulus
(GPa)Sample (PANi:PHGS)
9.5*10-2
7.5*10-2
2.1*10-2
7.2*10-3
2.4*10-3
N/A
N/A
Conductivity
(S/cm)
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